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NEW APPROACHES FOR NOVEL MULTIFUNCTIONAL ATRP 
INITIATORS  
SUMMARY 
Star polymers have attracted much attention in research over the years due to their 
unique-three dimensional shape and highyl branched structure. Branching in 
polymers is a useful structural variable that can be used advantageously to modify 
polymer physical properties and the processing characteristics as a result of changing 
the melt, solution  and solid state properties of polymers. It has been shown that 
branching results in a more compact structure in comparison to linear polymers of 
similar molecular weight, due to their high segment density, which affects the 
crystalline , mechanical and viscoelastic properties of the polymer. The synthesis of 
well-defined star polymers is usually achieved by a living polymerization technique. 
Controlled/ ‘Living’ Radical Polymerization processes have proven to be versatile 
for the synthesis of polymers with well-defined structures and complex architectures. 
Among the Controlled/ ‘Living’ Radical Polymerization processes, Atom Transfer 
Radical Polymerization (ATRP) and Nitroxide Mediated Polymerization (NMP) are 
the most efficient methods for the synthesis of special block copolymers and 
polymers with complex architectures such as stars. Both, ATRP and NMP methods 
based on the fast equilibrium between active and dormant chains. Actually it is the 
main effect to obtain controlled structure. One of the advantageous of controlled 
radical polymerization techniques such as ATRP and NMP is that the molecular 
weight  and the chain end functionality can be controlled. The wide range of 
functionality can be introduced into the polymer chain and this leads to the synthesis 
of well-defined copolymers (by a sequential two step or one pot method) without any 
transformation or protection of initiating sites. 
In this study, a novel procedure was showed for synthesis of different functional 
ATRP initiators starting from dentetated amines. Michael Addition and Schotten-
Boumann Reactions were used for synthesis of novel multifunctional initiators. 
Multifunctional star initiators were synthesized by three different alternative methods 
instead of  the ones  in the literature. While acid bromide was added directly into the 
dentetated amines via Schotten-Baumann reaction in the first method, second method 
included two stages. First stage of the second method consisted of reacting acrylate 
with amine via Michael Addition Method leading to obtaining OH functional 
precursor. In second stage, As a result of reacting the obtained precursor with  
acidbromide, Brom functional star initiator was obtained. Third method had two 
stages aswell. Firstly, Precursor (Inimer) was obtained by reaction of Acrylate and 
Acid Bromide. Then, inimer was reacted with amines via Michael Addition Method 
leading to obtaining multifunctional initiators. Polymerization reactions of this new 








ÇOK FONKSİYONLU ATRP BAŞLATICILARI SENTEZİ İÇİN YENİ 
YAKLAŞIMLAR 
ÖZET 
Yıldız polimerler araştırmalarda üç boyutlu ve çok dallanmış yapılarından dolayı 
yıllardır ilgi çekmektedirler. Yıldız polimerlerin sentezi genellikle yaşayan 
polimerizasyon yöntemiyle gerçekleştirilmektedir. Kontrollü/yaşayan polimerizasyon 
yöntemlerinin iyi tanımlanmış ve kompleks yapılı polimerlerin sentezinde birçok 
açıdan faydalar sağladığı bilinmektedir. Kontrollü/yaşayan radikal polimerizasyon 
yöntemlerinin arasında Atom Transfer Radikal Polimerizasyonu (ATRP) ve  
Nitroksit Ortamlı Radikal Polimerizasyonu (NMP) özel blok kopolimerler ve yıldız 
polimerler gibi kompleks yapılı polimerlerin sentezinde en etkili yöntemlerdir. 
ATRP ve NMP metotlarının her ikiside aktif ve kararlı zincirler arasındaki hızlı 
dinamik dengeye dayanır. Burada kontrolü sağlayan faktör dinamik dengedir. ATRP 
gibi kontrollü polimerizasyon tekniklerinin bir avantajı da elde edilen polimerin 
molekül ağırlığının ve zincir uç grubu fonksiyonalitesinin kontrol edilebilir 
olmasıdır. Bu teknikler sayesinde polimer uç gruplarına çok çeşitli fonksiyonellikler  
kazandırılabilir. Bu da herhangi bir transformasyon reaksiyonu gerektirmeden iyi 
tanımlı polimerlerin eldesine izin verir. 
Bu çalışmada, çok dişli aminlerden yola çıkılarak çok fonksiyonlu ATRP başlatıcıları 
eldesi için yeni bir prosedür geliştirilmiştir. Yeni çeşit çok fonksiyonlu başlatıcıların 
sentezinde Michael Katılması ve Schotten-Bauman reaksiyonları kullanılmıştır. Üç 
farklı metodla  literatürdeki çok fonksiyonlu yıldız başlatıcılara alternatif ATRP 
başlatıcıları sentezlenmiştir. İlk yöntemde başlatıcı sentezi Schotten-Bauman 
reaksiyonu ile amine asitbromür eklenerek tek aşamada gerçekleştirilirken, ikinci 
yöntem iki aşamadan oluşmaktadır. İlk aşamada aminle akrilatın Michael katılması 
reaksionu ile OH fonksiyonlu ara ürün oluşmaktadır. İkinci aşamada elde edilen OH 
fonksiyonlu ara ürün ile asit bromürün reaksiyonu sonucunda brom fonksiyonlu star 
başlatıcı elde edilmektedir. Üçüncü yöntemde iki aşamadan oluşmaktadır. İlk olarak 
akrilat ile asitbromürün reaksiyonu ile araürün (inimer) elde edilirken, daha sonraki 
adımda inimerin amine michael katılması ile çok fonksiyonlu başlatıcılar 
oluşturulmaktadır. Bu yeni çeşit başlatıcıların ATRP ile  polimerleşme reaksiyonları 





















1.  INTRODUCTION 
Radical polymerization is the most common method to produce polymeric materials 
in industry due to the fact that there are many advantages of radical polymerizations 
over polymerization techniques. Major advantages of the radical polymerization is 
broad range of conditions such as a wide choice of initiatiors,vinyl monomers and 
temperature range from 0 to 100°C, there are wide choice of initiators and broad 
range of conditions. Moreover, it is a cheap process, robust to impurities and possible 
to obtain high conversions which mean low monomer residuals. Despite all these 
advantages, there are some disadvantages of radical polymerization such as slow, 
continious inititation leading to obtaining high molecular weight polymers, 
termination and transfer reactions, no control topology and composition. Generally, 
polymers with high molecular weights and high polidispersities are obtained by 
Radical Polmerization as a result of uncontrollable nature of it caused by its 
properties such as slow initiation, fast propagation, subsequent transfer and 
termination. So, these disadvantages of radical polymerization result in the lack of 
control over the polymer structure and affect the physical and mechanical properties 
of the produced polymers. Controlled Radical Polymerization techniques have been 
improved as new methods to obtain well defined polymers, copolymers and control 
of polymer structure in polymerizarion. In order to control molecular weights, 
molecular weight distrubution and end functionalities; many controlled radical 
polymerization techniques have been performed such as iniferters (1,2), nitroxides 
[3-13), co-based systems (14,15), degenarative transfer with alkyl iodides (16-19) , 
the raft process (20), Ru-(21) and Ni-mediated(22) polymerizations. One  of the most 
common method in CRP techniques is atom transfer radical polymerization (ATRP) 
which is based on a copper halide/nitrogen based ligand catalyst [23,24]. ATRP 
method enables to polymerization of a wide range of functional monomers such as 
styrenes [25-27], acrylates [polymerization 28,29] and methacrylates [30,31]. 
Initiator efficiency is very important for successful ATRP due to the fact that  it 
determines the number of initiated chains. The transition metal complex initiates the 
ATRP polymerization by abstracting the halogen from the organic halide RX 
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(initiator). After being abstracted of halogen by the transition metal complex; radical 
species ocur and add monomers resulting radical species which go on further 
propagation. An apparent initiation rate constant  of a suitable initiator should be 
greater than  the apparent propagation rate constant. Moreover, it should not induce 
side reactions. Since ATRP is a controlled/`living' radical polymerization, it is 
possible to obtain predetermined molecular weight polymers and control of structure 
by the ratio of consumed monomer to introduced initiator. Other advantages of 
ATRP is that the polydispersities are generally low. Because of its mechanism, 
ATRP allows for the preparation of more precisely controlled polymers. Also, It is 
possible to obtain many new materials by varying the topology of the polymer  such 
as linear, branched, hyperbranched, stars, etc.  and/or the composition of the 
polymeric chains such as statistical/gradient copoly-mers, block copolymers, grafts, 
etc. Also, it is possible to obtain well-defined end groups of the polymers with this 
process. Star polymers are comprised of multiple arms or branches radiating from a 
central point or core and have been of huge scientific interest since they were first 
prepared sixty years ago, as a result of their unique physical properties. Star 
polymers are not just an academic curiosity, but are currently employed or under 
investigation in a wide range of industries and commercial materials ranging from 
engine oils and coating technologies to contact lenses and biomedical devices. 
Although there are many different types of star polymers and methods for their 
synthesis, recent advances in the field of controlled radical polymerisation has 
enabled the facile production of complex star polymer architectures from a large 
range of monomer families, without the requirement of highly stringent reaction 
conditions. In particular, well-defined, core first star polymers, which are readily 
accessible by controlled radical polymerisation techniques, have been increasingly 
prominent in the scientific literature. It is only recently that the application of such 
intricate and functionally diverse core first star polymer architectures have started to 
be realised and it is foreseeable that in the not to distant future core first star 
polymers will play a major role in many advanced materials and Technologies. 
Initiators generally used for ATRP in the literature are halogenated alkanes, benzylic 
halides, α-bromoesters, sulfonyl chlorides, ally halides. It is also possible to obtain 
multifunctional initiators from molecules with multiple reactive sites which can be 
easily turned into initiating sites. Multifunctional initiators generally used for ATRP 
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in the literature are hydroxyl containing molecules such as ethyleneglycol which was 
reacted with methyl 2-bromopropionyl bromide and turned into a difunctional 
initiator [11], pentaerythritol which was converted to a four armed star initiator 
(pentaerythritoltetrabromopropionate) [32] and the commercial hexakis 
(bromoethyl)benzene which was used for generating  six armed star poly(St) [33]. 
Also, five-arm PS and poly(methylmethacrylate)PMMA have been synthesized from 
a glucose-derived initiator [11]. 
In this study, A novel procedure was showed for synthesis of different functional 
ATRP initiators starting from dentetated amines. Michael Addition and Schotten-
Boumann Reactions were used for synthesis of novel multifunctional initiators. 
Multifunctional star initiators were synthesized by three different alternative methods 
instead of  the ones  in the literature. While acid bromide was added directly into the 
dentetated amines via schotten-boumann reaction in the first method, second method 
included two stages. First stage of the second method consisted of reacting acrylate 
with amine via Michael Addition Method leading to obtaining OH functional 
precursor. In second stage, As a result of reacting the obtained precursor with  
acidbromide, Brom functional star initiator was obtained. Third method had two 
stages aswell. Firstly, Precursor (Inimer) was obtained by reaction of Acrylate and 
Acid Bromide. Then, inimer was reacted with amines via Michael Addition Method 
leading to obtaining multifunctional initiators. Polymerization reactions of this new 
type initiators via Atom Transfer Radical Polymerization were also showed in order 










2.  THEORETICAL PART  
2.1 Michael Addition Reaction 
The Michael addition reaction, which is also commonly termed conjugate addition, 
has recently gained increased attention as a polymer synthesis strategy for tailored 
macromolecular architectures. The Michael addition, named for Arthur Michael, is a 
facile reaction between nucleophiles and activated olefins and alkynes in which the 
nucleophile adds across a carbon–carbon multiple bond [34]. The Michael addition 
benefits from mild reaction conditions, high functional group tolerance, a large host 
of polymerizable monomers and functional precursors as well as high conversions 
and favorable reaction rates [35]. The Michael reaction lends itself to both step 
growth [36] and chain growth polymerization [37] and has been employed in the 
synthesis of linear, graft, hyperbranched, dendritic and network polymers. 
Furthermore, post-polymerization modification [38] and coupling of biological and 
synthetic polymers are often facilitated by the Michael reaction [39]. These features 
make the Michael addition reaction well-suited to numerous emerging technologies 
including biomedical applications such as gene transfection [40], cell scaffolds [41] 
and tissue replacements [35]. The Michael addition reaction enables a wide range of 
polymers from diverse monomers, and corresponding polymers are prepared in 
environments in which other polymerization mechanisms will not operate. In 
biological applications such as protein derivitization the mild Michael addition 
reaction conditions are favorable since high temperatures, oxidizing radicals, and 
organic solvents are not feasible [42]. Furthermore, the Michael addition has recently 
found utility for the synthesis of crosslinked polymers such as hydrogels [43], 
thermoset resins [44], and coatings, where rapid cure and high conversions are 
necessary for performance. Few polymerizations offer sufficient rates to permit room 
temperature cure, and industrial coatings are often limited to toxic and 
environmentally hazardous isocyanate containing monomers. The Michael addition 
proceeds rapidly at room temperature, offers low cure times and involves less toxic 
precursors. Non-linear optical materials were also realized using the Michael 
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addition, which benefits from the absence volatile byproducts [45]. The Michael 
addition is also ubiquitous in classical polymer chemistry, such as the anionic 
polymerization of alkyl methacrylates and cyanoacrylates.The Michael addition 
involves the addition of a nucleophile, also called a ‘Michael donor,’ to an activated 
electrophilic olefin, the ‘Michael acceptor’, resulting in a ‘Michael adduct’, as shown 
in Figure 2.1. Although, the Michael addition is generally considered the addition of 
enolate nucleophiles to activated olefins, a wide range of functional groups possess 
sufficient nucleophilicity to perform as Michael donors. 
Reactions involving non-enolate nucleophiles such as amines, thiols, and phosphines 
are typically referred to as ‘Michael-type additions’. In this review, we will refer to 
Michael-type addition reactions with all nucleophilic donors as Michael additions. 
The Michael acceptor possesses an electron withdrawing and resonance stabilizing 
activating group, which stabilizes the anionic intermediate. Michael addition 
acceptors are far more numerous and varied than donors, due to the plethora of 
electron withdrawing activating groups that enable the Michael addition to olefins 
and alkynes. Acrylate esters, acrylonitrile, acrylamides, maleimides, alkyl 
methacrylates, cyanoacrylates and vinyl sulfones serve as Michael acceptors and are 
commercially available. Less common, but equally important, vinyl ketones, nitro 
ethylenes, a,b-unsaturated aldehydes, vinyl phosphonates, acrylonitrile, vinyl 
pyridines, azo compounds and even b-keto acetylenes and acetylene esters also serve 
as Michael acceptors [46].  
 
Figure 2.1 : Schematic depiction of the Michael addition reaction. 
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2.1.1 Introduction to Michael addition reaction 
The Michael reaction typically refers to the basecatalyzed addition of a nucleophile 
such as an enolate anion (Michael donor) to an activated a,b-unsaturated carbonyl-
containing compound (Michael acceptor) [47–51]. However, over the years, the 
scopeof this reaction has increased dramatically to include abroad range of acceptors 
and the Michael-type additions of non-carbon donors. Due to the many types of 
Michael additions in the literature, the information given here is focused  on 
investigating the mechanism and kinetics of only a few examples, namely the 
carbon–carbon bond forming Michael addition (referred to as the carbon-Michael 
addition), nitrogen (amine or aza) Michael additions, and the reaction of thiols with 
Michael acceptors.  
2.1.1.1 The mechanism of the carbon Michael addition 
One of the most well-known carbon-Michael transformations is the base-catalyzed 
addition of ethylacetoacetate to methyl acrylate [52]. The mechanism of the reaction 
is fairly straightforward, with every step being in equilibrium and thermodynamically 
dependent on the relative strengths of the base and the type of acetoacetate. The 
acetoacetate is first deprotonated by the base, providing an enolate anion (Michael 
donor) in equilibrium (Figure 2.2). The enolate anion then reacts in a 1,4-conjugate 
addition to the olefin of the acrylate (Michael acceptor). The carbonyl of the acrylate 
stabilizes the resulting anion until proton transfer occurs,regenerating the base. The 
overall driving force for the conjugate addition is the enthalpic change that 
accompanies replacement of a p-bond with a s-bond. Thus, there is the preference for 
1,4-addition over 1,2-addition. In some cases however, kinetically controlled reaction 
conditions can afford attack at the carbonyl carbon rather than at the b-carbon of the 
olefin [48,53]. From Figure 2.2, one can observe that the rate determining step is the 
attack of the enolate anion on the activated olefin. The reaction rate is therefore 
second order overall and first order with respect to the enolate anion and the olefin 
acceptor. The concentration of the enolate is a function of the base strength and the 
Keq of the deprotonation of the active methylene proton. It follows that the 
equilibrium constant is dependent on the relative strength of the base and the 
structure of the acetoacetate (Figure 2.3). 
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Figure 2.2 : General carbon-Michael reaction mechanistic scheme. 
It is important to note that the product of the first Michael addition has a remaining 
active methylene hydrogen which can undergo a second addition to another acrylate . 
Clemens et al. have documented that the second pKa is expected to have a value of 
13 (versus the pKa of the initial active proton of 12) [54]. The second deprotonation 
therefore has a different equilibrium constant (Keq) and it is assumed that the 
concentration of the first Michael adduct will be low. As a result, the concentration 
of the enolate at any rate (especially in the early stages of the reaction) is not strongly 
affected by this second reaction. It follows that a rate law can be determined for the 
above reaction sequence.Writing the reactions in terms of the Michael addition, we 
arrive at the kinetic equations:                         
        
(2.1) 
2.1.2 The aza-Michael reaction 
The nitrogen-donor version of the Michael addition is often referred to as the aza-
Michael reaction. Since only a few concepts will be touched upon here, the reader is 
encouraged to investigate several reviews for additional information [49,57–59]. 
Since amines can act as both nucleophiles and bases, no additional base is typically 
needed in these reactions. The reaction tends to follow second-order kinetics based 
on the concentration of the olefin acceptor and the amine (Figure 2.3). Primary 
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amines can react with two equivalents of acceptor to form tertiary amines. In some 
cases, this second addition affects the observed kinetics, especially as the 
concentration of the secondary amine increases. An example is the reaction of methyl 
amine with ethyl acrylate, giving an excellent yield of the tertiary amine(Figure 2.4) 
[60].In the aza-Michael reaction, secondary amines are more nucleophilic than 
primary amines and are therefore more reactive. However, it is worth noting that this 
is highly dependent on the electronic and steric environment of the amine. For 
example, 1,4-butanediol diacrylate was allowed to react with 1-(2-
aminoethyl)piperazine in an equimolar ratio (Figure 2.4) [61].During the initial part 
of the experiment, itwas found that there was exclusive reaction with the secondary 
amine present in the piperazine ring.Only upon longer reaction times, did reaction 
occur with the primary amine, which led to polymerization. Acid catalyzed aza-
Michael additions have also been studied extensively. Spencer and coworkers have 
determined a general and efficient way of reacting carbamates (NHCOOR) with a,b-
unsaturated carbonyl compounds (Figure 2.5), providing precursors to b-amino acids 
[57].Vedejs and Gringas have also shown that acids catalyze the aza-Michael 
addition[62]. In Figure 2.6, a tertiary amine, as the donor, adds to the alkyne in the 
presence of catalytic p-toluenesulfonic acid. The resulting intermediate further 
undergoes a Claisen rearrangement and proton transfer to afford the final a,b-
unsaturated amine. Lewis acids have also been used to catalyze the aza-Michael 
reaction, as in Figure 2.8. The mechanism is thought to occur in an analogous fashion 
to the carbon-Michael addition where the Lewis acid coordinates to the carbonyl of 
the a,b-unsaturated olefin. However, Spencer has reported that, in the case of weakly 
basic amine nucleophiles, Brønstead acids that are formed during the reaction may 
catalyze the reaction [57]. 
 
Figure 2.3 : Aza-Michael addition reaction of dimethylamine with ethyl acrylate. 
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Figure 2.4 : Aza-Michael addition of methyl amine to two equivalents of ethyl 
acrylate. 
 
Figure 2.5 : Higher reactivity of secondary amines in aza-Michael addition 
reactions. 
 
Figure 2.6 : Acid catalyzed aza-Michael addition. 
The ability to generate b-amino carbonyl compounds has become increasingly 
important to the natural product and pharmaceutical areas. The aza-Michael reaction 
is a key transformation which enables the preparation of such compounds. Jørgensen 
was the first to report the enantioselective conjugate amine additions (Figure 2.7) 
[63]. The TiCl2-BINOL Lewis acid catalyst coordinates with the N-
acyloxazolidinone, creating a chiral environment in which the primary amine will 
preferentially attack from one face of the complex, resulting in the formation of one 
major diastereomer. The oxazolidinone ring is then removed to afford the b-amino 
acid. Although, the enantioselectivity is low (maximum enantiomeric excess of 
42%), the proof of concept was accomplished. The area has grown significantly and 
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Sibi has published two reviews which discuss stereoselective aza-Michael additions 
to generate b-amino acids [55,64]. 
 
Figure 2.7 : Acid catalyzed aza-Michael addition to activated alkyne acceptors. 
 
Figure 2.8 : Stereoselective aza-Michael additions. 
2.1.3 Living radical polymerization 
Living radical polymerization encompasses several techniques for producing well-
defined homopolymers,block copolymers, and star polymers. Due to the radical 
nature of this polymerization methodology, a wider range of monomers are 
accessible compared to traditional anionic polymerization and less stringent 
purification techniques are required. Numerous living radical polymerization 
methods are currently known, including atom transfer radical polymerization 
(ATRP), which involves activated alkyl halides and metal catalysts [65], stable free 
radical polymerization (SFRP), which utilizes nitroxides [66], and reversible addition 
fragmentation chain transfer polymerization (RAFT), which typically utilizes 
dithioester or dithiocarbamate chain transfer reagents [67]. Michael addition 
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reactions have recently proven useful in many of these living radical polymerization 
strategies.Functional initiation is of interest for the synthesis of well-defined 
polymers with the potential for block copolymer synthesis, coupling with proteins or 
reaction with surfaces. Recently, Michael addition was used to synthesize an ATRP 
initiator containing two hydroxyl groups [68]. This novel dihydroxyl initiator 
allowed the synthesis of Y-shaped polymers via a combination of ATRP on the 
initial alkyl halide site and post polymerization conversion of the hydroxyl groups to 
alkyl halides which allowed polymerization of a second monomer (Figure 2.9). 
Matyjaszewksi et al. Recently studied the synthesis of ATRP ligands through the 
Michael addition reaction of tris(aminoethyl)amine with several acrylates, resulting 
in ligands that were suitable for the polymerization of methacrylic, acrylic and 
styrenic monomers in nonpolar media [69].Matyjaszewski et al. also synthesized 
ATRP ligands containing dimethoxymethylsilylpropyl acrylate, which aided in post-
polymerization catalyst removal via passage through silica gel and coupling of the 
complexes to the silica gel via sol–gel reactions. Shen et al. synthesized novel 
diaminopyridine (DAP) containing ATRP ligands through acrylation of DAP 
followed by Michael addition using bis(diethylaminoethyl) amine [70]. Silica gel 
modified with thymine residues created hydrogen bonded associations with these 
DAP ATRP ligands, which dissociated at reaction temperatures, allowing 
polymerization to occur. After cooling the reaction, re-association allowed removal 
and recycling of the catalyst. 
 
Figure 2.9 : Synthesis of a dihydroxyl functional ATRP initiator. 
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Figure 2.10 : Divergent PAMAM dendrimer synthesis via alternating Michael
 addition and amidation. 
Synthesis of functional polymers is also achieved through post-polymerization 
strategies based on the Michael addition. For example, hydroxyl functionalized 
RAFT polymerized PMMA were synthesized using hydrolysis of the dithioester end 
groups followed by Michael addition with hydroxyethyl acrylate to the thiol group 
[71].  
2.1.4 Synthesis of branched polymers via the Michael addition reaction 
Branched polymers encompass a wide range of topologies, ranging from 
hyperbranched to graft and dendritic polymers. Michael addition polymerization 
mechanisms were broadly applied to each of these topological designs. 
Hyperbranched polymers have gained interest recently, due to a large number of 
functional termini and processing advantages in terms of lower melt viscosity 
relative to linear polymers of equivalent molecular weight. Michael addition provides 
the means to incorporate numerous types of terminal functionalities due to an 
inherent functional group tolerance and wide variety of monomers. Graft copolymers 
are also of increasing interest given the similarity to block copolymers and the ability 
to control the graft density and graft length. Graft copolymers often possess 
microphase separated morphologies and offer elastomeric properties. Dendrimers 
have traditionally been synthesized using Michael addition reactions, and in fact, 
Tomalia et al. synthesized the first dendrimer, poly(amido amine) (PAMAM) using 
Michael addition. Dendrimers and hyperbranched polymers, are interesting due to a 
plurality of functional groups. However, the absence of entanglements often limits 
the use of dendrimers to non-structural and mechanically non-demanding 
applications. Dendrimers based on Michael addition reactions are used in numerous 
applications, including biomedical applications and gene delivery [72,73]. 
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2.1.4.1 Dendrimers 
Michael addition reactions are ideal for dendrimer synthesis due to the low 
probability of side reactions and mild reaction conditions. In the first dendrimer 
synthesis, dendritic poly(amido amine)s were synthesized via the alternating Michael 
addition of methyl acrylate to amine substrates (ammonia, f=3; ethylenediamine,f=4) 
and aminolysis of the resultant esters with excess ethylene diamine [74]. As depicted 
in Figure 2.10 , the PAMAM dendrimer synthesis is divergent, beginning from a 
small molecule core and enlarging as further generations are added. The high 
conversion and facile nature of the Michael addition led to nearly monodisperse 
individual dendrimer molecules as revealed using electron microscopy [75]. The 
Michael addition was most efficient in methanol, while aprotic solvents led to 
incomplete alkylation of amine groups. Retro-Michael additions fragmented the 
dendrimer molecules at elevated temperature (80 8C) in solution [76]. PAMAM 
dendrimers are effective gene transfection agents due to the plurality of terminal 
amine groups available to complex with the negatively charged DNA phosphate 
backbone. In aqueous solution, protonation of the terminal amine groups produces a 
cationic charge that favors complexation with DNA. A DNA-polymer complex must 
have a net positive charge in order to pass through a cell membrane. The PAMAM 
dendrimers effectively transfected genes for b-galactosidase expression, luciferase 
expression, and also antisense genes that selectively suppress luciferase genes [72]. 
 
Figure 2.11 : Synthesis of PPI dendrimers via alternating Michael addition and 
 hydrogenation. 
PAMAM dendrimers received significant attention for effectiveness in gene 
transfection and numerous transfection studies were performed on diverse eukaryotic 
cell lines. Studies found increased transfection efficiency for higher generation 
dendrimers [73]. Higher generations were necessary to obtain efficient coverage of 
DNA, as higher generations possessed sizes close to the histone octamer. Heating the 
dendrimers in aqueous solution led to fragmentation, likely through retro-Michael 
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additions and solvolysis, which significantly improved transfection. In fact, a 
commercial gene transfection agent, Superfectine, is based on fragmented PAMAM 
dendrimers. PAMAM dendrimers of numerous sizes possess very low cytotoxicity 
and in vivo studies have also showed low toxicity.Amine terminated PAMAM 
dendrimers were recently used to eliminate prion proteins from scrapie infected 
neuroblastoma cells [77]. Higher generation PAMAM dendrimers were more 
effective in removing the prion proteins and were most effective below pH 
4,suggesting the importance of ammonium charge and activity in the lysosomal or 
endosomal regions. The importance of branching was demonstrated throughthe 
comparison of linear and branched poly(ethyleneimine) controls. The ability to 
remove prions occurred at noncytotoxic dendrimer concentrations.A second common 
dendrimer is poly(propylene imine) (PPI), marketed under the trade name Astramole 
[78]. PPI dendrimers are accessed through the Michael addition of primary diamines 
with acrylonitrile followed by hydrogenation of the nitrile groups to amines and 
repeated reaction with acrylonitrile (Figure 2.11). First through fifth generation 
dendrimers are commercially produced in this manner. PPI dendrimers were recently 
synthesized with poly(propylene oxide) Jeffaminew cores, allowing greater 
flexibility and less steric congestion of the dendrimer molecules [79]. The terminal 
nitrile groups of poly(propylene imine) dendrimers are hydrolyzed under acidic 
conditions to obtain peripheral carboxylic acid functionality, but this often leads to 
degradation or discoloration of the polymer. Meijer et al. developed a route to 
carboxylic acid functional dendrimers via hydrogenation of the peripheral nitriles 
followed by the Michael addition of methyl acrylate and basic hydrolysis of the 
resultant ester functionalities [80].In contrast to PAMAM dendrimers, PPI 
dendrimers have less potential for gene transfection and higher cytotoxicity [73]. 
Lower toxicity was achieved with PPI dendrimers containing ether and ester 
linkages,synthesized by the Michael addition of alcohols to acrylonitrile, reduction of 
the nitrile, Michael addition to methyl acrylate, and reduction back to alcohol 
terminal groups [81]. Majoral et al. developed novel dendrons containing Michael 
acceptors consisting of CH2=CH–P=N–P=S–(O–R)2 or CH2=CH–P=N–P=O–(O–
R)2 groups at the dendrimer core. This allowed convergent synthesis of dendrimers 
via coupling of the dendrons through Michael addition with primary diamine 
donors(Figure 2.12) [82,83].Peripheral modification of dendrimers was also 
accomplished via Michael reactions with pendant Michael donors or acceptors. For 
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instance, mesogenic cyanobiphenyl acrylates were introduced onto amine terminated 
poly(propylene imine) dendrimers resulting in liquid crystalline dendrimer molecules 
[84]. Michael addition of acryloxylethyl methacrylate to amine terminated 
dendrimers resulted in photocrosslinkable dendrimer methacrylates [85]. The 
Michael addition scheme was the only successful functionalization methodology as 
reaction with isocyanatoethyl methacrylate or acetoacetoxy methacrylate resulted in 
insoluble, crystalline products and reaction with methacrylic anhydride did not 
completely functionalize the terminal amines. The methacrylated dendrimers 
exhibited nearly quantitative cure reactions as determined through differential 
scanning calorimetry (DSC). In Figure 2.13, dendritic acrylate oligomers were also 
synthesized through the Michael addition of trimethylolpropane triacrylate (TMPTA) 
with ethylene diamine in a 5:1 ratio [86,87]. The desired product possessed a 
TPMTA:EDA ratio of 4:1, however, network formation occurred under these 
conditions.The branched oligoacrylates resembled dendrimers with low viscosities 
and facile cure conditions using UV-photocuring techniques. Purification of these 
dendrimers was achieved primarily through precipitation. 
 
Figure 2.12 : Convergent dendrimer synthesis via dendron core-linking Michael 
 addition reactions. 
 
Figure 2.13 : Crosslinkable dendrimer synthesis using Michael addition reactions. 
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2.1.4.2 Hyperbranched and highly branched polymers 
Hyperbranched polymers were initially developed as inexpensive, one-pot substitutes 
for dendrimers, but have developed a unique character over the last several years. 
Hyperbranched polymers were traditionally approached from asymmetric monomer 
synthesis (ABn monomers). Difficult monomer synthesis is a major disadvantage of 
the ABn method due to a lack of commercial ABn monomer sources. Recently, 
An+Bm approaches were used to synthesize hyperbranched polymers, enabling a 
much wider range of monomers and topologies. A further development is the use of 
oligomeric An or Bm monomers, resulting in ‘highly branched polymers’, which 
allows control of the molecular weight between branch points, an important 
parameter that affects degree of entanglement and has performance implications [88]. 
Michael addition reactions were successfully applied to both the AB2 and An+Bm 
strategies for hyperbranched polymer synthesis.In a conventional AB2 
hyperbranching polymerization, Endo et al. conducted acetoacetylation of 
hydroxyethyl acrylate through a reaction with diketene [89]. This produced an AB2 
monomer that was capable of producing hyperbranched Michael addition polymers 
in the presence of base catalyst (Figure 2.14). 
 
Figure 2.14 : Hyperbranched polymer synthesis via AB2 Michael addition 
 polymerization 
Polymerization of this novel monomer in the presence of DBU resulted in number 
average molecular weights between 2000 and 12,000 g/mol with dispersities between 
1.4 and 3.5 and degrees of branching between 43 and 83%. A high ratio of dendritic 
to linear units was observed, suggesting greater reactivity of the mono-Michael 
adduct towards the acrylate group compared to the reactivity of the original 
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acetoacetate group.Trumbo studied the step growth polymerization of low molar 
mass diacrylates (tripropylene glycol diacrylate) with bisacetoacetates [90] and 
bisacetoacetamides [91]. These systems formed branched structures due to the 
difunctionality of the acetoacetate group. Gelation of the reaction mixture was 
avoided with an excess of bisacetoacetate monomer and through conducting the 
reaction in solution with a relatively mild base catalyst (DBU). 
 
Figure 2.15 : Hyperbranched poly(aspartamide)s via A2+B3 polymerization. 
Weight average molecular weights as high as 437,000 g/mol were observed, however 
broad dispersities (Mw/Mn  ̴
 
10) were typical, which further suggested branching in 
this system. Decreases in molecular weight and dispersity with reaction time were 
observed during these polymerizations, suggesting the occurrence of a retro-Michael 
addition and subsequent equilibration. Hyperbranched poly(aspartamide)s were 
synthesized from bismaleimides and aromatic triamines using the A2+B3 
methodology [92]. The reaction stoichiometry was limiting in bismaleimide, thus 
controlling the extent of the reaction and favoring secondary amine terminated 
products. The hyperbranched polymers exhibited degrees of branching near 0.51 and 
0.69, high glass transition temperatures ( ̴ 210–250 °C) as well as equivalent thermal 
stability to analogous linear polymers. In Figure 2.15, a tris (4-
aminophenyl)phosphine oxide triamine was used to create polymers with higher 
thermal stability and also to allow degree of branching determination through 31P 
NMR. Feng et al. studied hyperbranched poly(amino ester)s that were synthesized 
from piperazine and trimethylolpropane triacrylate in molar ratios ranging from 
1:1.08 to 1:2 [93]. These hyperbranched polymers formed aggregates in 
acetone/acidic water,which were proposed to contain a hydrophobic acrylate rich 
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core and a hydrophilic, protonated amine periphery. The aggregates were crosslinked 
using UV light via reaction of residual acrylate groups. The size of the aggregates 
(DLS, TEM) decreased upon crosslinking and were smaller for higher molecular 
weight polymers, suggesting a packing efficiency limitation with the higher 
molecular weight, more disperse, polymers. Enhanced aggregation of similar 
poly(amino ester)s was achieved through reaction of peripheral amine groups with 
long chain acyl halides [94]. Wu et al. studied the effect of unequal functional group 
reactivity in a hyperbranching A2+B3 system with a butanediol diacrylate A2 and a 
trifunctional amine B3 containing both primary (f=2) and secondary(f=1) amines 
(Figure 2.16) [61]. For an equimolar A2:B3 ratio, 1H NMR studies indicated that 
secondary amines were consumed prior to primary amines. The secondary amine that 
was formed from reaction of the primary amine and the acrylate group was not 
consumed, and thus a predominantly linear product was obtained despite the 
functionality of the monomers. The reactivity of the amines was secondary  
primary formed secondary. If the A2:B3 ratio was increased, participation of the 
formed secondaryamine during the reaction of the primary amine occurred, thus 
resulting in a branched product. If the steric hindrance at the secondary amine 
position was increased, the primary amine was the most reactive and the reaction 
proceeded at the formed secondary amine during the reaction and again the product 
was branched. Thus, both the level of substitution of the amine groups and the 
stoichiometric ratio of the reactants controlled the degree of branching. 
 
Figure 2.16 : Hyperbranched poly(ester amine)s from A2+B3 polymerization with 
unequal reactivity in the B3 monomer functional groups. 
 
Figure 2.17 : Homopolymerization of an AB2 poly(amido amine) monomer. 
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Degrees of branching that ranged from 30 to 40% and weight average molecular 
weights as high as 23,500 g/mol were obtained. Wu et al. also studied hyperbranched 
poly(amino ester)s that were synthesized using two equivalents of butanediol 
acrylate and one equivalent of 1-(2-aminoethyl)piperazine [95]. Due to the higher 
reactivity of the secondary cyclic amine, the Michael addition with butanediol 
diacrylate occurred preferentially.The primary amino group reacted second,resulting 
in the in-situ generation of an AB2 intermediate that undergoes a branching at the 
secondary amine formed from the primary amine. The ratio of Rh/Rg of 1.0 as 
measured by SAXS and DLS demonstrated the hyperbranched nature of the 
polymers. The hyperbranched polymers had number average molecular weights of 
29,000–38,000 g/mol and dispersities of 3.4–3.7. In similar work, Gao et al. 
synthesized hyperbranched polymers from diethanolamine and methyl acrylate [96]. 
The reaction proceeded through an initial Michael addition reaction to form an ester 
diol AB2 monomer in situ that self-condensed at elevated temperature (150 °C) 
through transesterification in the presence of a zinc acetate catalyst. Number average 
molecular weights as high as 268,000 g/mol were observed with a polydispersity of 
2.4. Crosslinking occurred when the temperature in the second stage exceeded 160 
°C, whereas lack of polycondensation occurred if the temperature was less than 120 
°C. The degree of branching of these polymers was roughly 55%. These polymers 
degraded rapidly in water to form self-buffered pH 7 solutions, suggesting them as 
good candidates for drug delivery.Hyperbranched poly(amido amine) hydrochloride 
polyelectrolytes were synthesized through the Michael addition polymerization of 
AB2 monomers based on ammonium alkyl acrylamides, as shown in Figure 2.17 
[97]. The lack of nucleophilicity of the ammonium  group toward the acrylamide 
functionality required the use of high temperatures (210 °C) in order to drive the 
polymerization. It was postulated that a small equilibrium concentration of free 
amine that exists at these high temperatures undergoes the Michael addition. The 
alkylene spacer (n=2) between the acrylamide group and the ammonium group 
resulted in faster reaction, and an intramolecular deprotonation through a six 
membered cyclic transition state was proposed. Model reactions suggested that the 
ammonium group reacts twice with acrylamide functionalities, resulting in a highly 
branched product. 15N NMR was used to characterize the degree of branching in 
these materials. Signals from linear units were not observed, corroborating the highly 
branched nature of the polymer. This methodology is a more facile route to 
21 
hyperbranched polymers resembling PAMAM dendrimers. Kadokawa et al. studied 
the triphenylphosphine initiated Michael addition polymerization of 2,2-
bis(hydroxymethyl)propyl acrylate to yield phosphonium containing hyperbranched 
polymers of 1200–2700 g/mol, as shown in Figure 2.18 [98]. This is one of the few 
examples of oxygen based nucleophiles involved in a Michael addition 
polymerization. Degrees of branching near 50% were obtained. Similar polymers 
were produced through initiation using sodium hydride.The poor quality of the 
oxygen nucleophile for Michael addition is evident in the reaction temperatures 
required (80–100 °C, with free radical inhibitors) [99]. Highly branched gene 
transfection agents were synthesized through the reaction of low molecular weight 
linear PEI with PEG diacrylate [100]. The polymers clearly did not represent linear 
topologies due to branching in the PEI as well as reaction at multiple amine sites 
along the polymer backbone. The presence of ester groups in the polymers facilitated 
degradation. The half-lives of the polymers in PBS at 37 °C were approximately 8 d. 
The polymers demonstrated complex formation with plasmid DNA and transfection 
studies were performed. Branched gene transfection  agents were also synthesized 
via reaction of trimethylolpropanetriacrylate with primary amines such as N,N-
dimethylethylenediamine [101]. Polyplex formation with plasmid DNA was verified 
with dynamic light scattering and transfection into various human and mouse cell 
lines exhibited transfection efficiencies similar to poly(ethylene imine). The 
branched nature of the poly(amino ester)s slowed polymer degradation and hence 
controlled the release of the plasmid DNA.The branched poly(amino ester)s showed 
little or no cytotoxicity. 
 
Figure 2.18 : Homopolymerization of an AB2 poly(ester ether) monomer. 
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2.2 Schotten-Baumann Reaction 
2.2.1 Introduction to Schotten-Baumann 
Chlorides react with carboxylic acids to give acid anhydrides, and with alcohols to 
give esters. They’ll also react with amines (such as ammonia) to give amides. The 
mechanism is very similar to the mechanism of ester formation. 
 
Figure 2.19 : The amidation reaction of  carboxylic acids with  amines. 
 
Figure 2.20 : The mechanism of  amidation  reaction. 
The second molecule of ammonia  removes a proton before the loss of chloride ion—
the leaving group—to form the amide. Ammonium chloride is formed as a by-
product in the reaction.Here is another example, using a secondary amine, 
dimethylamine.[102] 
 
Figure 2.21 : The amidation reaction of  carboxylic acids with secondary amines.  
2.2.2 Schotten–Baumann synthesis of an amide 
The formation of amides from acid chlorides and amines is accompanied by 
production of one equivalent of HCl, which needs to be neutralized by a second 
equivalent of amine. An alternative method for making amides is to carry out the 
reaction in the presence of another base, such as NaOH, which then does the job of 
neutralizing the HCl. The trouble is, OH– also attacks acyl chlorides to give 
carboxylic acids.  Schotten and Baumann, in the late nineteenth century, published a 
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way roundthis problem by carrying out these reactions in two-phase systems of 
immiscible water and dichloromethane. (Carl Schotten (1853–1910) was Hofmann’s 
assistant in Berlin and spent most of his working life in the German patent office.The 
organic amine (not necessarily ammonia) and the acyl chloride remain in the (lower) 
dichloromethane layer, while the base (NaOH) remains in the (upper) aqueous layer. 
Dichloromethane and chloroform are two common organic solvents that are heavier 
(more dense) than water. The acyl chloride reacts only with the amine, but the HCl 
produced can dissolve in, and be neutralized by, the aqueous solution of NaOH 
[102]. 
 
Figure 2.22 : Schotten-Baumann Synthesis of an amide. 
2.3 Controlled / Living Radical Polymerizations 
There are lots of publications about conventional radical polymerization and it is still 
one of the most common used method to synthesize polymers. The conventional 
radical polymerization can be applied to the polymerization of large numbers of 
monomers under mild conditions. Second advantage is facile copolymerization 
between various monomers. In addition, free radical polymerization requires only 
absence of oxygen and polymerization can be done in the presence of large amounts 
of water and at temperatures ranging from 0 oC to 100 oC. However, as mentioned 
before, there are some limitations in the conventional free radical polymerization 
such as poor control over molecular weight, high polydispersity, dead-end 
functionality, chain architecture and composition [103]  
Living polymerizations such as anionic, cationic, coordination, ring opening 
polymerizations are almost free from side reactions such as termination may result in 
side reactions, and thus, for some processes control over the polymerization can be 
difficult. The main limitations of radical polymerization are the lack of control over 
the molar mass, the molar mass distribution, the end-functionalities and the 
macromolecular architecture. Mainly for that reason, the recent emergence of many 
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so-called ‘living’ or controlled radical polymerization (CRP) processes has opened a 
new area in this old polymerization method that had witnessed relatively small 
progress in the previous years [105].To overcome the limitations, controlled radical 
polymerization has been developed and there is a sharp increase in the number of the 
publications on the controlled radical processes from 1990s up to now. In controlled 
radical polymerization, synthesized polymers have narrow molecular weight 
distributions (1.1<Mw/Mn<1.5). The polymers obtained have living end groups. 
Different polymer architectures (linear, star, comb and branched) as well as polymer 
compositions (random, block, graft and gradient copolymers) can be achieved.The 
synthesis of polymers with well defined compositions, architectures, and 
functionalities has long been of great interest in polymer chemistry. One of the 
greatest contributions to this field from synthetic polymer chemists is the living 
polymerization methodology, which allows the preparation of macromolecules with 
the maximum degree of structural and compositional homogeneity.There are several 
approaches to control free radical polymerization by suppressing the contribution of 
chain breaking reactions and assuring quantitative initiation. All of these approaches 
employ dynamic equilibration between growing free radicals and various types 
dormant species. These reactions are described as controlled radical polymerization 
(CRP) or controlled /living radical polymerizations rather than as true living radical 
polymerizations, due to the presence of unavoidable termination, which is 
intrinsically incompitable with concept of living polymerizations.The types of 
controlled/living radical polymerizations are namely atom transfer radical 
polymerization (ATRP), nitroxide mediated polymerization (NMP), and various 
degenerate transfer processes such as reversible addition fragmentation transfer 
(RAFT) and catalytic chain transfer polymerizations. Among them, one of the most 
successful and the most studied technique is the atom transfer radical polymerization 
(ATRP).  
2.3.1 Classification of CRPs 
It is possible to group CRPs into several categories, depending on the chemistry of 
exchange and structure of the dormant species. Mechanistically, CRPs can be 
reversible addition fragmentation transfer (RAFT), atom transfer radical 
polymerization(ATRP), stable free radical polymerization (SFRP), and nitroxide 
mediated polymerization (NMP) . All of these methods are based on establishing a 
25 
rapid dynamic equilibration between a minute amount of growing free radicals and a 
large majority of the dormant species. The dormant chains may be alkyl halides, as in 
atom transfer radical polymerization (ATRP) or degenerative transfer (DT), 
thioesters, as in reversible addition fragmentation chain transfer processes (RAFT), 
alkoxyamines, as in nitroxide mediated polymerization (NMP) or stable free radical 
polymerization (SFRP), and potentially even orgonometallic species. Free radicals 
may be generated by the spontaneous thermal process (NMP, SFRP) via a catalyzed 
reaction (ATRP) or reversibly via the degenerative exchange process with dormant 
species (DT, RAFT) [106].  
2.3.2 Atom transfer radical polymerization (ATRP) 
ATRP was developed independently by Matyjaszewski and Sawamoto in 1995 [107]. 
This method was used successfully to polymerize styrenes, (meth)acrylates and 
variety of other monomers in a controlled fashion, yielding polymers with molecular 
weights predetermined by the ratio of the concentrations of the consumed monomer 
to the initiator introduced. Polymers obtained by the ATRP technique have low 
polydispersities as well. Because of its radical nature, ATRP is tolerant to many 
functional groups; therefore, polymers with various functionalities can be easily 
obtained. ATRP was developed by designing a proper catalyst (transition metal 
compound and ligands), using an initiator with an appropriate structure, and 
adjusting the polymerization conditions, such that the molecular weights increased 
linearly with conversion and the polydispersities were typical of a living process. 
This allowed for an unprecedented control over the chain topology (stars, combs, 
branched), the composition (block, gradient, alternating, statistical), and the end 












Figure 2.23 : Mechanism for ATRP 
A general mechanism for ATRP is represented by (see Figure 2.23). The radicals, 
i.e., the propagating species Pn*, are generated through a reversible redox process 
catalyzed by a transition metal complex (activator, Mtn –Y / ligand, where Y may be 
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another ligand or a counterion) which undergoes a one-electron oxidation with 
concomitant abstraction of a (pseudo) halogen atom, X, from a dormant species, Pn–
X. Radicals react reversibly with the oxidized metal complexes, X–Mtn+1 / ligand, the 
deactivator, to reform the dormant species and the activator. This process occurs with 
a rate constant of activation, ka, and deactivation kda, respectively. Polymer chains 
grow by the addition of the free radicals to monomers in a manner similar to a 
conventional radical polymerization, with the rate constant of propagation, kp. 
Termination reactions (kt) also occur in ATRP, mainly through radical coupling and 
disproportionation; however, in a well-controlled ATRP, no more than a few percent 
of the polymer chains undergo termination. Elementary reactions consisting of 
initiation, propagation, and termination are illustrated below [106].  
2.3.2.1 Kinetics and mechanism of ATRP 
The rate of polymerization is first order with respect to monomer, alkyl halide 
(initiator), and transition metal complexed by ligand. The reaction is usually negative 
first order with respect to the deactivator (X-Mtn+1/Ligand). The rate equation of 
copper-based ATRP is formulated in discussed conditions and given in (2.2). The 
apparent propagation rate constant, where kp and Keq refer to the absolute rate 
constant of propagation and the atom transfer equilibrium constant for the 
propagating species, respectively. 
Rp= kpapp (M)= kp (R•) (M)= kp Keq (I) ((CuX)/(CuX2)) (M)                      (2.2) 
Figure 2.25 shows a typical linear variation of conversion with time in semi 
logarithmic coordinates (kinetic plot). Such a behavior indicates that there is a 
constant concentration of active species in the polymerization and first-order kinetics 
with respect to monomer.  
However, since termination occurs continuously, the concentration of the Cu(II) 
species increases and deviation from linearity may be observed [106]. For the ideal 
case with chain length independent from termination, persistent radical effect [109] 
kinetics implies the semi logarithmic plot of monomer conversion vs. time to the 2/3 
exponent should be linear. Nevertheless, a linear semi logarithmic plot is often 
observed.  
This may be due to an excess of the Cu(II) species present initially, a chain length 
dependent termination rate coefficient, and heterogeneity of the reaction system due 
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to limited solubility of the copper complexes. It is also possible that self-initiation 
may continuously produce radicals and compensate for termination. Similarly, 
external orders with respect to initiator and the Cu(I) species may also be affected by 
he persistent radical effect [110]. 
                           
Figure 2.24 : Kinetic plot and conversion vs. time plot for ATRP 
Results from kinetic studies of ATRP for styrene (S) [111], methyl acrylate (MA) 
[112] and methyl methacrylate (MMA) [113-114] under homogeneous conditions 
indicate that the rate of polymerization is first order with respect to monomer, 
initiator, and Cu(I) complex concentrations. These observations are all consistent 
with the derived rate law. 
It should be noted that the optimum ratio can vary with regard to changes in the 
monomer, counter ion, ligand, temperature, and other factors [113, 115]. The precise 
kinetic law for the deactivator CuX2 was more complex due to the spontaneous 
generation of Cu(II) via the persistent radical effect [110-111]. 
In the atom transfer step, a reactive organic radical is generated along with a stable 
Cu(II) species that can be regarded as a persistent metallo-radical. If the initial 
concentration of deactivator Cu(II) in the polymerization is not sufficiently large to 
ensure a fast rate of deactivation (kd(Cu(II))), then coupling of the organic radicals 
will occur, leading to an increase in the Cu(II) concentration. 
Radical termination occurs rapidly until a sufficient amount of deactivator Cu(II) is 
formed and the radical concentration is low. Under such conditions, the rate at which 
radicals combine (kt) will become much slower than the rate at which radicals react 
with the Cu(II) complex in a deactivation process and a controlled polymerization 
will proceed.Typically, a small fraction (~5 %) of the total growing polymer chains 
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will be terminated during the early stage of the polymerization, but the majority of 
the chains (>95 %) will continue to grow successfully. 
If the deactivation does not occur, or if it is too slow (kp >> kd), there will be no 
control and polymerization will become classical redox reaction therefore the 
termination and transfer reactions may be observed. To control the polymerization 
better, addition of one or a few monomers to the growing chain in each activation 
step is desirable. Molecular weight distribution for ATRP is given in (2.3). 
Mw/Mn = 1 + ((kd(RX)0)/(kp(X-Mtn+1))) x ((2/p)-1)  (2.3) 
p = polymerization yield 
(RX)o = concentration of the functional polymer chain 
(X-Mtn+1) = concentration of the deactivators 
kd = rate constant of deactivation 
kp = rate constant of activation 
2.3.3 Components of ATRP 
As a multicomponent system, ATRP includes the monomer, an initiator with a 
transferable (pseudo) halogen, and a catalyst (composed of a transition metal species 
with any suitable ligand). Both activating and deactivating components of the 
catalytic system must be simultaneously present. Sometimes an additive is used. For 
a successful ATRP, other factors, such as solvent and temperature, must also be 
taken into consideration.  
2.3.3.1 Monomers 
Monomers: In ATRP, a variety of monomers, such as styrenes, (meth)-acrylates, 
acrylonitrile, acrylamides, methacrylamides, N-vinylpyridine and diens can be used 
to obtained well-defined polymers. However, even under the same conditions using 
the same catalyst, each monomer has its own unique atom transfer equilibrium 
constant for its active and dormant species [116]. 
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Figure 2.25 : Some of the monomers used in ATRP. 
2.3.3.2 Initiators 
The main role of the initiator is to determine the number of growing polymer chains. 
Two parameters are important for a successful ATRP initiating system. First, 
initiation should be fast in comparison with propagation. Second, the probability of 
the side reactions should be minimized.  
Initiators: A variety of halogenated initiators and macro initiators activated by 
various types of aryl, sulfonyl and carbonyl groups can be used in ATRP systems. In 
ATRP, alkyl halides (R-X) are typically used as initiator. If initiation is fast and 
transfer and termination negligible, then the number of growing chains is constant 
and equal to the initial initiator concentration. The theoretical molecular weight or 
degree of polymerization (DP) increases reciprocally with the initial concentration of 
initiator at full monomer conversion. 
2.3.3.3 Catalyst and transition metals 
Perhaps the most important component of ATRP is the catalyst. It is the key to 
ATRP since it determines the position of the atom transfer equilibrium and the 
dynamics of exchange between the dormant and active species. There are several 
prerequisites for an efficient transition metal catalyst. The metal center must have at 
least two readily accessible oxidation states separated by one electron. The metal 
center should have reasonable affinity toward a halogen. The coordination sphere 
around the metal should be expandable on oxidation to selectively accommodate a 
(pseudo) halogen. The ligand should complex the metal relatively strongly. 
Eventually, the position and dynamics of the ATRP equilibrium should be 
appropriate for the particular system. To differentiate ATRP from the conventional 
redox-initiated polymerization and induce a controlled process, the oxidized 
transition metal should rapidly deactivate the propagating polymer chains to form the 
dormant species. A variety of transition metal complexes with various ligands have 
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been studied as ATRP catalysts. The majority of work on ATRP has been conducted 
using copper as the transition metal. Apart from copper-based complexes, Fe, Ni, Ru, 
etc. have been used to some extent [104, 106]. 
2.3.3.4 Ligands 
The main roles of the ligand in ATRP is to solubilize the transition metal salt in the 
organic media and to adjust the redox potential and halogenophilicity of the metal 
center forming a complex with an appropriate reactivity and dynamics for the atom 
transfer. The ligand should complex strongly with the transition metal. It should also 
allow expansion of the coordination sphere and should allow selective atom transfer 
without promoting other reactions. The most common ligands for ATRP systems are 
substituted bipyridines, alkyl pyridylmethanimines and multidentate aliphatic tertiary 
amines such as 1,1,4,7,7-pentamethyldiethylenetriamine (PMDETA), and tris(2-
(dimethylamino) ethyl)amine (Me6-TREN). Examples of ligands used in 
coppermediated ATRP are illustrated (Figure2.16). 
 
Figure 2.26 : The Most Frequently Used Ligands in ATRP Systems. 
2.3.3.5 Solvents 
Solvents: ATRP can be carried out either in bulk, in solution, or in a heterogeneous 
system (e.g., emulsion, suspension). Various solvents, such as benzene, toluene, 
anisole, diphenyl ether, ethyl acetate, acetone and many others, have been used in the 
polymerization of different monomers. 
2.3.3.6 Temperature and reaction time 
The rate of polymerization in ATRP increases with increasing temperature due to the 
increase of both the radical propagation rate constant and the atom transfer 
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equilibrium constant. As a result of the higher activation energy for the radical 
propagation than for the radical termination, higher kp/kt ratios and better control 
(“livingness”) may be observed at higher temperatures. However, chain transfer and 
other side reactions become more  pronounced at elevated temperatures. The optimal 
temperature depends mostly on the monomer, the catalyst, and the targeted molecular 
weight. Therefore, for successful ATRP, optimum temperature should be found 
depending on the monomer, catalyst and the other components of ATRP [106]. 
2.3.4 Application of copper mediated ATRP 
2.3.4.1 Introduction to block copolymers 
Macromolecular engineering is an integrated chemical process aimed at designing 
polymeric materials for specific advanced applications. In order to achieve this goal, 
tailor-made block copolymers with specific macromolecular architecture, chemical 
composition/functionality, desired molecular weight and low polydispersity have to 
be synthesized [117]. Block copolymers made by the covalent bonding of two or 
more polymeric chains that, in most cases, are thermodynamically incompatible 
giving rise to a rich variety of microstructures in bulk and in solution. The variety of 
microstructures causes to occur to materials with applications ranging from 
thermoplastic elastomers and high-impact plastics to pressure-sensitive adhesives, 
additives, foams, etc. In addition, block copolymers are very strong candidates for 
potential applications in advanced technologies such as information storage, drug 
delivery, and photonic crystals. Therefore, it is not surprising that these materials 
play a central role in contemporary macromolecular science covering the full 
spectrum of polymer chemistry, polymer physics, and applications [118-119]. 
2.3.4.2 Topologies of block copolymers 
A block copolymer is a linear arrangement where two often incompatible blocks 
obtained from different monomers are covalently linked together. It is possible to 
prepare diblock (A-B), triblock (A-B-A and B-A-B) and multi-block (or segmented) 
copolymers.[120] An indispensable requirement for the preparation of well-defined 
block copolymer structures is the utilization of a living, or at least a controlled chain-
growth polymerization method, in connection with suitable purification methods for 
all reagents employed (monomers, solvents, linking agents, additives etc.) and 
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techniques for excluding the introduction of any impurity in the polymerization 
system. Under such conditions undesired irreversible termination or irreversible 
transfer reactions are absent, or at least minimized allowing for the synthesis of 
chemically and molecularly homogeneous structures.  
Two methods have been developed for the synthesis of linear AB diblock 
copolymers: (a) sequential addition of monomers (one-pot or two-pot); and (b) 
coupling of two appropriately end-functionalized chains. The first method is the most 
widely used for the synthesis of block copolymers. An essential consideration for the 
successful employment of the technique is the order of monomer addition. The living 
chain from the polymerization of the first monomer must be able to efficiently 
initiate the polymerization of the second monomer. Another important requirement in 
the one-pot method is that the conversion of the first monomer must be quantitative 
in order to achieve control over the molecular weights as well as chemical and 
structural homogeneity. 
The synthesis of linear ABA triblock copolymers can be accomplished using one of 
the following methods: (a) three-step sequential addition of monomers; (b) two-pot 
sequential addition of monomers followed by a coupling reaction with a suitable 
difunctional linking agent; and (c) use of a difunctional initiator and a two-step or 
one-pot sequential addition of monomers [119]. The most straightforward and widely 
explored method so far is the use of a difunctional initiator. The middle block B is 
made first, bearing at both ends active sites capable of initiating the polymerization 
of the second monomer A, which is added sequentially to the reaction medium after 
the consumption of the first monomer.The advantages of this method is that it can be 
performed in a one-pot procedure [117, 118].  
Star-block copolymers are actually star-shaped macromolecules where each arm is a 
block copolymer. The number of branches can vary from a few to several tens. The 
topological difference of this kind of macromolecules, with respect to linear block 
copolymers, is focused on the existence of a central branching point, which, by itself, 
brings a certain symmetry in the macromolecule and sometimes defines a certain 
amount of intramolecular ordering [119, 122-123]. Interest in star polymers arises 
from their compact structure and globular shape, which predetermines their low 
viscosity when compared to linear analogues and makes them suitable materials for 
several applications. Synthesis of star polymers, which began in the 1950s with 
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living anionic polymerization, has recently received increased attention due to the 
development of controlled/living radical polymerization (CRP) [124].  
There are several methods used for the synthesis of star-block copolymers. Typically, 
star polymers are synthesized via CRP by one of two strategies: core-first [124-129] 
and arm-first. The arm-first strategy can be further subcategorized according to the 
procedure employed for star formation. One method is chain extension of a linear 
arm precursor with a multivinyl crosslinking agent, and the other is coupling linear 
polymer chains with a multifunctional linking agent or “grafting-onto” a 
multifunctional core [137-139]. With using of multifunctional initiators, 
multifunctional compounds capable of simultaneously initiating the polymerization 
of several branches are used to form a star polymer, An, where n is the functionality 
of the star in the core-first method. These living ends can then initiate the 
polymerization of the second monomer to give the star-block copolymer, (A-b-B)n or 
they can react with the end-functionalized pre-synthesized B chains to afford the 
same product. Several requirements are necessary for a multifunctional initiator to 
produce star polymers with uniform arms, low molecular weight distribution and 
controllable molecular weights. 
Summarized as, the controlled radical polymerization techniques opened up a new 
era in block copolymer synthesis, and further growth and developments are certain 
[119]. 
2.4 Star Polymers 
2.4.1 Introduction to Star-Shaped Polymers 
Chain polymerizations of vinylic monomers usually lead to linear macromolecules. 
However, if chain transfer to polymer occurs, as in free radical polymerization of 
ethylene or of vinyl acetate, branches are likely to be formed. The occurrence of 
branches has major consequences on the behavior of such polymers. It tends to 
impede or even prevent crystallization of polymers that can fit into a crystal lattice. 
Moreover, the mechanical behavior of amorphous polymers is affected by branching. 
Branched macromolecules are more compact than their linear homologues because 
their segment density is higher within the polymer coil. Consequently, the tendency 
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of macromolecules to interpenetrate each other, in bulk as well as in solution, is 
greatly reduced.  
It was, therefore, important to investigate systematically the effect of branching on 
the properties of polymeric species in solution as well as in bulk. Tailor-made 
branched polymers were needed for that purpose. Among them, star-shaped 
macromolecules [140-143] have been thoroughly investigated in a number of 
research groups. Star molecules are constituted of linear polymeric chains of similar 
size attached to one single multifunctional branch point, which can be polymeric 
itself. It is referred to as the core (or as the central nodulus) connecting the arms or 
branches. Other types of branched model macromolecules also have attracted 
interest, such as comb-shaped polymers, constituted of a polymeric backbone 
carrying a number of side chains (of same chemical nature) distributed at random 
[144]. Comb polymers are essentially graft copolymers in which the backbone and 
grafts are of the same nature. Their synthesis derives from that of graft copolymers.  
In order to establish the influence of branching on polymer behavior, properties of a 
star polymer are to be compared with those of its linear homologue (of the same 
nature and molar mass), taking into account structural parameters such as number 
and average length of individual arms.  
Because of their compactness, star-shaped molecules show a typical solution 
behavior. Owing to their high segment density, which implies a small hydrodynamic 
volume, they exhibit high elution volumes in size exclusion chromatography (GPC), 
low radii of gyration, low limiting viscosity numbers, and high translational diffusion 
coefficients as compared to corresponding figures relative to linear homologues 
[145]. Provided the number of branches is sufficiently high, the solution properties of 
star-shaped polymers are determined chiefly by the average length of their arms 
[146].  
Techniques best suited to synthesize starpolymers are those involving active sites 
with long life-times, “living” polymerizations [147,148]. Most starpolymers have 
been synthesized anionically, although recent attempts by cationic polymerization or 
by group transfer polymerization (GTP) have been successful.  
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2.4.2 Synthesis methods of star polymers 
Basically, several routes can be used to synthesize starpolymers: [142-143] either 
living arms are made first, and used to generate the core; or the core is made first and 
subsequently serves as a plurifunctional initiator to grow the arms from the core; a 
three-step method, developed recently, combines the advantages of both procedures.  
Beyond regular starpolymers, various other kinds of star-shaped macromolecules 
have attracted interest and have lead to specific applications:  
• Functional starpolymers in which well-defined functions are located at the outer 
end of each branch;  
•Star-block copolymers in which each branch is constituted of two homopolymeric 
blocks of different chemical nature, usually exhibiting different properties; and  
•Heterostar copolymers in which the cores carry equal numbers of branches of two 
kinds, differing by chemical nature as well as average length. 
2.4.2.1 Arm-First Methods 
In all arm-first methods, a living (monofunctional) polymer of known length and low 
polymolecularity serves as a precursor. Subsequently, the active sites located at chain 
end can be used in two different ways: either they are reacted with a compound 
carrying a number of appropriate reactive functions, whereupon chemical links are 
formed, or they are used to initiate polymerization of a small amount of an 
appropriate bisunsaturated monomer, whereupon small crosslinked cores are formed.  
If the living polymer precursor is reacted stoichiometrically with a plurifunctional 
deactivator (an electrophilic compound, if the sites are anionic), chemical links are 
formed between the precursor chains and that compound. The former becomes the 
branches and the latter the core. The difficulty is to find compounds carrying a 
number of equally reactive and equally accessible electrophilic functions in order to 
control the average number of branches of the stars [149]. The best results along that 
line have been obtained by Fetters [150] with compounds containing a known 
number of Si-Cl bonds, which had been synthesized on purpose. Silicon halides react 
quantitatively (by addition) with carbanions derived from styrene, dienes, and other 
living polymers. Well-defined starpolymers with up to 36 arms have been obtained. 
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Even if a few Si-Cl functions still remain, properties of the star polymer sample 
would not be affected.  
The number of arms per star molecule is determined by the functionality of the 
electrophilic compound used, provided the yield of the coupling reaction is close to 
quantitative. Since fluctuations in length of the branches are averaged, molar mass 
distribution in such star polymer samples is expected to be narrow. Accurate 
characterization of star polymer samples demonstrates the efficiency of the method: 
the molar mass of the star molecules is very close to the expected value. In other 
words, the linking reaction attains high yields despite the bulkiness of these star 
molecules towards the end of the process.  
A further recent development is use of functional dendrimers as electrophilic 
deactivators to synthesize starpolymers with high numbers of arms [151]. 
Monocarbanionic precursor chains also can serve as an initiator for polymerization of 
a small amount of a bis-unsaturated monomer, such as divinylbenzene or ethylene 
dimethacrylate. Small tightly crosslinked nodules are formed, each connected with 
the precursor chains that contributed to its initiation [152-153]. The branches exert an 
efficient protection on the crosslinked cores as no links are formed between 
individual star molecules: no gelation has been observed in the reaction medium 
during formation of the star molecules unless the cores grow very large and 
constitute more than 40 weight-% of the star molecules [154]. 
The average length of the branches is given by the molar mass of the precursor 
chains. The average functionality of the crosslinked cores is not accessible directly. It 
can be determined from the ratio of the molar mass of the stars to that of the 
precursor polymer (account being taken, if necessary, of the weight fraction of the 
cores) [154]. The average number of branches per star molecule [153] is influenced 
by several factors. The most important ones are the overall concentration of the 
reaction medium and the proportion of bis-unsaturated monomer introduced 
(expressed as the mole ratio of that monomer to the active sites, [DVB]/[LE]). 
Depending on the average length of the precursor chains, a given [DVB]/[LE] mole 
ratio results in different weight-percents core in the star molecules.  
If the average number of arms of the cores is more than four, polydispersity of a 
sample can be assigned exclusively to fluctuations on the number of branches [155]. 
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Fractionation experiments have shown that, provided the experimental conditions 
have been optimized, distribution of molar masses within such star polymer samples 
is reasonably narrow. Further, as shown by GPC, [156] the width of the distribution 
of hydrodynamic volumes in star polymer samples is low.  
Anionic arm-first methods also can be applied to synthesis of star-block copolymers 
[157]. The procedure is the same except that living diblock copolymers (arising from 
sequential copolymerization of two appropriate monomers added in the order of 
increasing nucleophilicity) are used as living precursor chains.  
Active sites subsequently initiate polymerization of a small amount of a bis-
unsaturated monomer (DVB in most cases), whereupon cores are generated. If 
polystyrene and polyisoprene (or polybutadiene) are selected, because of their 
different glass transition temperatures, the resulting star-block copolymers behave as 
thermoplastic elastomers. Under selected conditions (composition, branch length, 
and concentration), they exhibit bicontinuous mesomorphic phases (referred to as 
double-diamond structures), which had never been observed before [157]. 
Arm-first methods are efficient in synthesizing well defined star-shaped 
macromolecules. Their major drawback is that functionalization of the arms at their 
outer end is impossible unless functional initiators are used to generate precursor 
chains. 
2.4.2.2 Core-First Methods 
Use of a multifunctional metalorganic initiator constitutes another approach to star 
polymer synthesis. However, such initiators are usually insoluble, even in polar 
solvents such as THF, because of the tendency of metalorganic functions to 
associate.  
Burchard [158] was first to succeed in making relatively stable suspensions of 
plurifunctional lithium-organic cores arising from controlled anionic polymerization 
of divinylbenzene in a nonpolar solvent at high dilution. He subsequently used this 
fine living core suspension to initiate polymerization of an adequate vinylic or 
acrylic monomer, and thus had arms grow from the cores. Although Burchard had to 
face intermolecular associations (due to the chosen nonpolar solvent), he did obtain 
star molecules of extremely high molar mass.  
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Synthesis of plurifunctional cores has been improved decisively by Lutz: [159] 
polymerization of divinylbenzene (DVB) is initiated by electron transfer (using 
sodium dihydronaphthylide) at high dilution in a polar solvent (THF) and at low 
temperature. The mole ratio of DVB to metal ions has to be kept within sharp limits 
(1.5 to 2.5). With mole ratios higher than 3, a coarse suspension of giant living 
particles is formed, even at high dilution, as a result of irreversible bridge formation 
between individual living cores. If the above mole ratio is lower than 1.5, unreacted 
sodium-naphthalene is expected to remain.  
Although the resulting “solution” of initiating cores cannot be considered 
homogeneous (because of intermolecular associations), arms have been grown from 
these cores. Polymerization of a suitable monomer is effectively initiated by active 
sites located in the living cores. The reaction mixture soon becomes homogeneous as 
a result of protection exerted on each core by the solvated arms surrounding it. The 
choice of suitable monomers is wider than in arm-first processes [142]. It includes 
styrene, dienes, vinylpyridines, alkyl methacrylates, oxirane, and various other 
anionically polymerizable monomers.  
In the case of oxirane, [160] growing potassium alkoxide sites tend to associate (even 
in polar solvents) leading to a two-phase system in the early stages of the reaction. 
However, as the poly(ethylene oxide) arms grow, they increasingly contribute to 
solvation of the cations, and the reaction medium becomes homogeneous again. The 
occurrence of associations between growing branches does not affect the process, 
which is slow and takes hours to be completed at 30 °C. Starpolymers arising from 
the core-first method have been characterized accurately, although the molar mass of 
the individual branch is not directly accessible. However, if all active sites efficiently 
initiate, which can be considered effective, the average molar mass of the branches 
can be estimated from the mole ratio of the monomer polymerized to the number of 
active sites present (i.e., metal ions). The average functionality of the star molecules 
(i.e., the number of branches per core) can then be calculated from the molar mass of 
the star molecules and that of individual branches (account being taken of the weight 
percent cores in the system).  
Polydispersity of starpolymers obtained by core-first methods is always high. This 
can be attributed to the large fluctuations in size of the initiating cores. Fractionation 
experiments have shown that star molecules exhibiting different functionalities are 
39 
present within a given sample [159]. The width of the molar mass distribution of the 
star polymer is one of the drawbacks of the core-first method.  
Once the growth of branches is completed, their outer end carries a living site 
(carbanionic or alkoxide). These sites can be subsequently reacted with appropriate 
electrophilic compounds for the purpose of functionalization: ethylene oxide to yield 
alcohol functions, carbon dioxide to form carboxylic functions, and propane sultone 
to yield sulfonic acid end groups.  
Alternately, these carbanionic sites can be used to initiate polymerization of another 
monomer, of appropriate nucleophilicity [142,159] to yield star-block copolymers. 
Amphiphilic star-block copolymers have attracted special interest. Starting from the 
core, each branch is constituted of an inner hydrophobic block (e.g., polystyrene) and 
an outer hydrophilic block (e.g., poly(ethylene oxide)). 
2.4.2.3 Three-step (In-Out) Methods 
The “in-out” procedure is a combination of  arm-first and core- first methods. It is 
meant to allow a better control of polydispersity of the samples and to provide 
possibilities of functionalization at the outer end of the branches. The underlying idea 
is to use the arm-first method to build the cores and to grow second generation 
branches from these “living” cores.  
This method, first disclosed by Funke, [161] was extended and improved by Lutz 
[162] and by Tsitsilianis [163]. Funke started from poly(tert.butylstyrene) of low 
molar mass, made with sec. butyllithium, in cyclohexane solution. A small amount of 
DVB was added to generate the living cores. Subsequently, second generation 
branches (of polydiene or polystyrene) were grown from these living cores.  
In Lutz's method, a living polystyrene precursor of low molar mass is made in a polar 
solvent (THF). It initiates polymerization of a small amount of DVB where upon the 
cores are formed, as in an arm-first process. Each core contains as many active sites 
as there are branches surrounding it. In spite of their low molar mass, the protection 
the branches exert on the cores is efficient and prevents the formation of aggregates. 
The living star polymer solution is molecularly dispersed.  
Subsequently, the active sites located in the cores are used to initiate polymerization 
of another suitable monomer, whereupon a new set of branches (of different 
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chemical nature) are generated from the cores. Several possibilities are to be 
considered here:  
• If these second-generation branches are much longer than the first generation arms, 
the species obtained can be considered as a regular star polymer. The effective core, 
to which the long second-generation branches are attached, includes short first-
generation branches. In principle, the number of second-generation branches is equal 
to the functionality of the initiating cores. The lower polymolecularity of the samples 
prepared by this method reflects the narrower distribution of functionalities within 
the arm-first star precursors. This is the main advantage of the three-step process 
with respect to the core-first method. Second-generation branches can be 
functionalized, as in the core-first methods: they also can be used to initiate 
polymerization of another appropriate monomer to yield star block copolymers.  
If the two kinds of branches are of different chemical nature, but of similar length, 
each resulting heterostar copolymer molecule is constituted of a crosslinked core 
carrying equal numbers of branches of two different kinds. A large choice is 
provided as to the nature of the branches to be attached to a primary polystyrene star 
molecule. Branches of poly(ethylene oxide), poly(alkyl methacrylate), poly(t-butyl 
acrylate), poly(2-vinylpyridine), and others are of interest, with special emphasis on 
amphiphilic heterostar molecules. The fact that polymers of different chemical nature 
are usually incompatible poses the problem of conformation of such species in 
solution as well as in bulk. The three-step method has its own limitations. Cores 
resulting from arm-first processes usually contain some unreacted unsaturations 
[164]. If the active sites of the growing second-generation branches are able to attack 
these unsaturations, intermolecular linkages between individual star molecules are 
formed, resulting in irreversible gelation of the reaction medium. If the cores of the 
initial star molecules are of poly(divinylbenzene), the use of styrene or of dienes as 
the monomer for the second generation branches may generate side reactions of that 
kind, but the formation of bridges between individual star molecules can be 
prevented. 
With monomers such as those listed above, no gelation has ever been observed, since 
the corresponding active sites are unable to attack the styrene-type unsaturations 
remaining in the cores. Consequently, star molecules remain independent of each 
other, as expected. 
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3.  EXPERIMENTAL PART 
3.1 Chemicals 
Styrene (S, 99%, extra pure), 2-ethyl hexyl acrylate (EHA, 99+%, stabilized), copper 
(I) chloride (CuCl), copper (I) bromide (CuBr, 98%), ethylene glycol (99+ %), ethyl-
2-bromo propionate (99%), 2-hydroxy ethyl acrylate (HEA, 97%), 
pentaethylenehexamine (PEHA, 30.5%) were purchased from Acros.  
Diethylenetriamine (DETA, 99%) 2-bromopropionylbromide (BPB, 97%),  
ethylenediamine (EDA, 99%) were purchased from Aldrich. Sodium sulphate, 
anhydrous (99%) was purchased from J. T. Baker Co. Hexapentyl triethylene 
tetramine (HPTETA) is one of the alkylated linear amine ligands (ALALs) that was 
synthesized according to literature by our group [166]. THF was distilled over 
LiAlH4 and then stirred overnight with Na and benzophenone and distilled again 
under N2. Dichloromethane was distilled from phosphorus pentaoxide (P2O5). 
3.2 Synthesis of multifunctional initiators via Michael Addition- Esterification 
Reaction 
3.2.1 Synthesis of five OH functional precursor via Michael Addition 
5 hydroxyl functional initiator precursor was synthesized by Micheal addition of 
amine to acrylate (Figure 4.1) to convert to ATRP initiator in the following reports. 
The organic amine, diethylenetriamine (DETA, 0.9 mL, 0.0083 mol) was added 
dropwise into hydroxyethylacrylate (HEA, 5 mL, 0.048 mol) and (15 ml) ethanol in 
the presence of nitrogen.They were stirred in 15 mL pure ethanol for 16 days. Then 
the ethanol was removed by rotary evaporation and then by under reduced pressure 
to give dark brown oily product.(5.15 g,%90) 
3.2.1.1 Synthesis of five functional initiator via Esterification Reaction 
A solution of (0.054 mol, 5.7 ml) 2-Bromopropionylbromide in (10 ml) 
dicholorometan  was added dropwise into a solution of 5*-OH (7.53x10-3mol, 5.15g) 
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in (20 ml) dicholorometan (Figure 4.4). The reaction was stirred at room temperature 
for  overnight. The mixture was extracted with 10 ml water, 10 ml saturated NaHCO3 
solution  and 10 ml water and dried over Na2SO4. The dicholorometan was removed 
by rotary evaporation (10g, % 97). 
3.2.1.2 Synthesis of eight OH functional precursor via Michael Addition 
8 hydroxyl functional initiator precursor was synthesized by Micheal Addition of 
amine to acrylate (Figure 4.1) to convert to ATRP initiator in the following reports. 
The organic amine, pentaethylenehexamine (PEHA, 4.66 mL, 19 mmol) was added 
dropwise into the hydroxyethylacrylate (HEA, 15.98 mL, 152 mmol) and (30 ml) 
ethanol at room temperature in the presence of nitrogen and they were stirred for 16 
days at room temperature. The ethanol was removed by rotary evaporation and then 
by under reduced pressure to give dark brown oily product (22g, %99). 
3.2.1.3 Synthesis of eight functional initiator via Esterification Reaction 
A solution of (0.20mol, 20.94 ml) 2-Bromopropionylbromide in (20 ml) 
dicholorometan  was added dropwise into a solution of  8*-OH (0.019 mol, 22 g) in 
(30 ml) dicholorometan (Figure 4.4). The reaction was stirred at room temperature 
for  overnight. The mixture was extracted with 20 ml water,  20 ml saturated 
NaHCO3 solution, 20 ml water and dried over Na2SO4. The dicholorometan was 
removed by rotary evaporation (30 g, % 70) .  
3.2.2 Synthesis of multifunctional initiators via Esterification - Michael Addition 
Reaction 
3.2.2.1 Synthesis of Inimer via Esterification Reaction 
A solution of 2-bromopropionyl bromide (45.5 mL, 435 mmol) in 50 mL of CH2Cl2, 
was added dropwise to a stirring solution of 2-hydroxyethyl acrylate (40.0 mL, 348 
mmol) and triethylamine (Et3N, 67.17 mL, 478 mmol) in 250 mL of CH2Cl2 (Figure 
4.12). The reaction was cooled in an ice bath. During the addition, a white precipitate 
formed (Et3N-HBr). After complete addition of the acid bromide, 1.5 h, the reaction 
was stirred at room temperature for three overnight. The precipitate was then filtered 
and CH2Cl2 part was washed with water (50 mLx 5) and then dried over Na2SO4. 
The CH2Cl2 was evaporated to give a yellow oil (84 g, %97). 
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3.2.2.2 Synthesis of  four functional initiator via Michael Addition Reaction 
(1 mL, 14.95 mmol) Ethylenediamine solution in 10 mL of CH2Cl2 was added to 
dropwise into a solution of Inimer (10 ml, 59.8 mmol) in 20 ml of ethanol 
 
in the 
presence of nitrogen (Figure 4.15). The reaction mixture was stirred for three days. 
After filtration, The ethanol
 
was removed by rotary evaporation. It was dissolved in 
dichlorometan and stirred mechanically with (nonsolvent) hegzan due to fact that 
unreacted  inimer  or organic impurities could be expelled from reaction mixture and 
dissolved in the nonsolvent. After hegzan was decantated, dicholorometan was 
evaporated by under reduced pressure to give orange solid product (12.7g, %79). 
3.2.2.3 Synthesis of five functional initiator via Michael Addition Reaction 
(1.30 mL, 12 mmol) diethylenetriamine solution in 10 mL of ethanol 
 
was added to 
dropwise into a solution of  Inimer (11.62  ml, 60 mmol) in 20 ml of ethanol 
 
in the 
presence of nitrogen (Figure 4.15). The reaction mixture was stirred for one day. 
After filtration, The ethanol
 
was removed by rotary evaporation under reduced 
pressure to give orange dark brown product.(16 g , % 98) 
3.2.2.4 Synthesis of eight functional initiator via Michael Addition Reaction 
(1 mL,4.08x10-3 mol) Pentaethylenehexamine solution in 10 mL of ethanol was 
added to dropwise into a solution of Inimer (6.34 ml, 3.26x10-2 mol) in 20 ml of 
ethanol in the presence of nitrogen (Figure4.15). The reaction mixture was stirred for 
one day. After filtration, The ethanol
 
was removed by rotary evaporation under 
reduced pressure to give orange dark brown product (8.18 g, %89). 
3.2.3 Synthesis of multifunctional initiators via Schotten-Bauman Reaction 
3.2.3.1 Synthesis of five functional initiator 
Schotten-Baumann synthesis of an amide  was used as a method for making synthesis 
of five functional initiator (Figure 4.23). The reaction was carried out in the presence 
of base which then does the job of neutralizing the HBr. The reaction was achieved 
in two-phase systems of immiscible water and dichloromethane. The organic amine, 
diethylenetriamine (DETA, 5 mL, 46.28 mmol) was diluted with 30 mL 
dichloromethane (DCM) and added to the lower layer via syringe. However, DETA 
was dissolved in water instead of DCM. To solve the problem, the water part was 
44 
saturated by NaCl solution. Then 2-bromopropionylbromide (BPB, 25 mL, 241 
mmol) added to the (lower) dichloromethane layer via syringe, while the base 
(NaOH, 9.63 g, 241 mmol) remains in the (upper) aqueous layer (50 mL water) 
(Figure 2). After addition of the acyl chloride, pH was around 2. To controlled pH, it 
was added saturated NaOH and pH was setted between 11-13. The acyl bromide 
reacts only with the amine, but the HBr produced can dissolve in, and be neutralized 
by, the aqueous solution of NaOH. The reaction was stirred over 19 days with fast 
stirring. Upon completion the reaction and the mixture was transferred to a 
separatory funnel  and extracted consecutively with 100 mL of distilled water three 
times. The organic phase was dried over Na2SO4 (anhydrous) and filtered and the 
solvent removed by rotary evaporation and then by under reduced pressure to give 
white solid product (Yield: 13.5 g).  
3.2.3.2 Synthesis of eight functional initiator   
Schotten-Baumann synthesis of an amide was used as a method for making of eight 
functional initiator (Figure 4.23).The reaction was carried out in the presence of base 
which then does the job of neutralizing the HBr. The reaction was achieved in two-
phase systems of immiscible water and dichloromethane. The NaOH (4.4 g, 110 
mmol) solution in 50 mL of water and 50 mL of DCM was added to the flask. The 
organic amine, pentaethylenehexamine (PEHA, 3 mL, 12.26 mmol) was diluted with 
30 mL dichloromethane (DCM) and added to the lower DCM layer via syringe. 
However, PEHA was dissolved in water instead of DCM. To solve the problem, the 
water part was saturated by NaCl solution. Then the acyl bromide, 2-
bromopropionylbromide (BPB, 11.56 mL, 110 mmol) added to the (lower) 
dichloromethane layer via syringe (Figure 5). The acyl bromide reacts only with the 
amine, but the HBr produced can dissolve in, and be neutralized by, the aqueous 
solution of NaOH. The reaction was stirred over 9 days with gentle stirring in order 
to keep the layer separated. After 9 days, the mixture was transferred to a separatory 
funnel and extracted consecutively with 20 mL of distilled water, 20 mL of saturated 
NaHCO3 solution and 20 mL of distilled water to remove unreacted precursors. The 
organic phase was dried over Na2SO4 (anhydrous), after filtration the solvent 
removed by rotary evaporation and then by under reduced pressure to give dark 
brown solid product (Yield: 2.87 g, 17 %). 
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3.3 Synthesis of  Star Polymers via ATRP 
3.3.1 Polymerization  using  multifunctional initiators synthesized via Michael 
Addition-Esterification Reaction 
3.3.1.1 Synthesis of five-arm star polymer 
0.0314 g of catalyst, CuBr (2.18x10-4 mol ) and 0.0340 g of five functional ATRP 
initiator (5*-Br, 4.36x10-5 mol)  were added to the round bottom flask; then 10 ml of 
styrene (S, 0.0872 mol), 20 ml of  DMF , 0.0607 ml of Ligand (N4C5, 2.18x10-4 mol) 
were added to the flask in the presence of nitrogen, respectively ([S]o/[5*-
Br]o/[CuBr]o/[N4C5]o)=2000/1/5/5.The mixture was nitrogen bubbled for 10 min 
prior to replacement in thermostatically controlled oil bath (at 110 oC and 400 rpm 
stirring rate). Mixture was precipitated in MeOH after 480 minutes. 
3.3.1.2 Synthesis of eight-arm star polymer 
0.050 g of catalyst, CuBr (3.49 x10-4 mol ) and 0.0890 g of eight functional ATRP 
initiator (8*-Br, 4.36x10-5 mol)  were added to the round bottom flask; then 10 ml of 
styrene (S, 0.0872 mol), 20 ml of DMF , 0.097 ml of Ligand (N4C5, 3.49x10-4 mol) 
were added to the flask in the presence of nitrogen, respectively ([S]o/[8*-
Br]o/[CuBr]o/[N4C5]o)=2000/1/8/8.The mixture was nitrogen bubbled for 10 min 
prior to replacement in thermostatically controlled oil bath (at 110 oC and 400 rpm 
stirring rate). Mixture was precipitated in MeOH after 405 minutes.  
3.3.2 Polymerization using multifunctional initiators synthesized via 
Esterification - Michael Addition Reaction 
3.3.2.1 Synthesis of four-arm star polymer 
0.025 g of catalyst, CuBr (1.74 x10-4 mol ) and 0.046 g of four functional ATRP 
initiator (4*-Br, 4.36x10-5 mol) were  added to the round bottom flask; then 10 ml of 
styrene (S, 0.0872 mol), 20 ml of to DMF , 0.048 ml of Ligand (N4C5, 1.74x10-4 
mol) were added to the flask in the presence of nitrogen, respectively ([S]o/[4*-
Br]o/[CuBr]o/[N4C5]o)=2000/1/4/4.The mixture was nitrogen bubbled for 10 min 
prior to replacement in thermostatically controlled oil bath (at 110 oC and 400 rpm 
stirring rate). Mixture was precipitated in MeOH after 450 minutes.  
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3.3.2.2 Synthesis of five-arm  star polymer 
0.0314 g of catalyst, CuBr (2.18x10-4 mol ) and 0.0540 g of five functional ATRP 
initiator (5*-Br, 4.36x10-5 mol) were added to the round bottom flask; then 10 ml of 
styrene (S, 0.0872 mol), 20 ml of  DMF , 0.0607 ml of Ligand (N4C5, 2.18x10-4 mol) 
were added to the flask in the presence of nitrogen, respectively ([S]o/[5*-
Br]o/[CuBr]o/[N4C5]o)=2000/1/5/5.The mixture was nitrogen bubbled for 10 min 
prior to replacement in thermostatically controlled oil bath (at 110 oC and 400 rpm 
stirring rate). Mixture was precipitated in MeOH after 360 minutes. 
3.3.2.3 Synthesis of eight-arm star polymer 
0.050 g of catalyst, CuBr (3.49 x10-4 mol ) and 0.0890 g of eight functional ATRP 
initiator (8*-Br, 4.36x10-5 mol)  were added to the round bottom flask; then 10 ml of 
styrene (S, 0.0872 mol), 20 ml of DMF , 0.097 ml of Ligand (N4C5, 3.49x10-4 mol) 
were added to the flask in the presence of nitrogen, respectively ([S]o/[8*-
Br]o/[CuBr]o/[N4C5]o)=2000/1/8/8.The mixture was nitrogen bubbled for 10 min 
prior to replacement in thermostatically controlled oil bath (at 110 oC and 400 rpm 
stirring rate). Mixture was precipitated in MeOH after 480 minutes.  
3.3.3 Polymerization using multifunctional initiators synthesized via Schotten-
Bauman Reaction 
3.3.3.1  Synthesis of five-arm star polymer 
0.0314 g of catalyst, CuBr (2.18x10-4 mol ) was added to the round bottom flask; 
then 10 ml of styrene (S, 0.0872 mol), 20 ml of toluene , 0.0607 ml of Ligand (N4C5, 
2.18x10-4 mol) and 0.0340 g of five functional ATRP initiator (5*-Br, 4.36x10-5 mol) 
were added to the flask in the presence of nitrogen, respectively ([S]o/[5*-
Br]o/[CuBr]o/[N4C5]o)=2000/1/5/5.The mixture was nitrogen bubbled for 10 min 
prior to replacement in thermostatically controlled oil bath (at 110 oC and 400 rpm 






3.3.3.2 Synthesis of eight-arm star polymer 
0.050 g of catalyst, CuBr (3.49 x10-4 mol ) was added to the round bottom flask; then 
10 ml of styrene (S, 0.0872 mol), 20 ml of DMF , 0.097 ml of Ligand (N4C5, 3.49 
x10-4 mol) and 0.057 g of eight functional ATRP initiator (8*-Br, 4.36x10-5 mol) 
were added to the flask in the presence of nitrogen, respectively ([S]o/[8*-
Br]o/[CuBr]o/[N4C5]o)=2000/1/8/8.The mixture was nitrogen bubbled for 10 min 
prior to replacement in thermostatically controlled oil bath (at 110 oC and 400 rpm 
stirring rate). Mixture was precipitated in MeOH after 4250 minutes.  
3.4 Synthesis  of  star block-copolymers via ATRP 
3.4.1 Block Copolymerization using five-arm PS polymer synthesized from       
five  functional initiator obtained by Schotten-Bauman Reaction 
0.0143 g of catalyst, CuBr (1x10-4 mol ) was added to the round bottom flask; then 
20 ml of toluene , 0.0278 ml of Ligand (N4C5) and 0.4 g of five functional star 
polymer (5*PS-Br, Mn=40531) as macroinitiator, 2 ml of monomer (EHA, 10-2  mol) 
were added to the flask in the presence of nitrogen, respectively([EHA]o/[5*Ps-
Br]o/[CuBr]o/[N4C5]o)=2000/1/10/10.The mixture was nitrogen bubbled for 10 min 
prior to replacement in thermostatically controlled oil bath (at 110 oC and 400 rpm 
stirring rate). Mixture was precipitated in MeOH after 4250 minutes.  
3.4.2 Block Copolymerization of eight-arm PS polymer synthesized from eight 
functional initiator obtained by Schotten-Bauman Reaction 
0.0265 g of catalyst, CuBr (1.85 x10-4 mol ) was added to the round bottom flask; 
then 20 ml of DMF , 0.0514 ml of Ligand (N4C5, 1.85 x10-4 mol) and 0.5 g of eight 
functional star polymer (8*PS-Br, Mn=26314) as macroinitiator, 3.87 ml of 
monomer (EHA, 1.85x10-2mol) were added to the flask in the presence of nitrogen, 
respectively([EHA]o/[8*Ps-Br]o/[CuBr]o/[N4C5]o)=1000/1/10/10.The mixture was 
nitrogen bubbled for 10 min prior to replacement in thermostatically controlled oil 
bath (at 110 oC and 400 rpm stirring rate). Mixture was precipitated in MeOH after 
120 minutes. 
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3.5 Characterization Methods 
To identify the character of initiators and the compositions of block copolymers, they 
were dissolved in deuterated chloroform (CDCl3), and the 1H NMR spectra were 
measured on a Bruker AC250 (250,133 MHz) NMR spectrometer with the internal 
reference. IR spectra were recorded on Nicolet 6700 FT-IR Spectrometer with 
attenuated total reflectance (ATR) accessories to identify the obtained initiators for 
comparison between the starting organic compounds and used for the transparency 
measurements after processing. The molecular weights and polydispersities were 
measured by a gel permeation chromatography (GPC) system consisting of an 
Agilent 1200 series pump, three Waters Styragel HR columns (guard, 4, 3) and an 
Agilent 1100 series RI detector with a THF flow rate of 1 mL/min; poly(methyl 
methacrylate) or polystyrene were used as calibration standards. The second GPC 
system with an Agilent 1200 model isocratic pump, four Waters Styragel columns 
(guard, HR 5E, HR 4, HR 3, and HR 2), and a Viscotek TDA 302 triple detector (RI, 
dual laser light scattering, k: 670 nm, 90o and 7o, and differential pressure 
viscometer) was conducted in THF with a flow rate of 0.5 mL/min at 35 oC to 
measure the absolute molecular weights. Three detectors were calibrated with a PS 
standard having a narrow molecular weight distribution (Mn : 115000 g/mol, Mw/Mn : 
1.02, [η] : 0.519 dL/g at 35 oC in THF, dn/dc: 0.185 mL/g) provided by Viscotek 
company. The dn/dc value for PEHA is calculated to be 0.058 mL/g at 35 oC in THF 











4.  RESULTS AND DISCUSSION 
4.1 Characterization of multifunctional ATRP initiators 
4.1.1 Characterization of multifunctional ATRP initiators synthesized via 
Michael Addition-Esterification Reaction 
4.1.1.1 Characterization of five OH functional precursor synthesized via 
Michael   Addition Reaction 
5 hydroxyl functional initiator precursor (5-OH*) was synthesized by Michael 
addition of amine to acrylate (Figure 4.1) in order to convert to ATRP initiator in the 

























Figure 4.1 : Synthesis of five OH functional initiator precursor (5*-OH). 
As shown in Figure 4.2, in 1H NMR spectrum (CDCl3) the practical integral ratios 
are compatible with the theoretical values. 1H NMR (CDCl3), δ: 4.26-4.09 (t, 10H, 
N-CH2-CH2-C(O)-O-CH2-CH2-OH), 3.76-3.48 (t, 10H, N-CH2-CH2-C(O)-O-CH2-
CH2-OH), 2.77 (t, 10H, -N-CH2-CH2-C(O)-O-CH2), 2.51 (t, 18H -CH2–CH2-N–CH2-
CH2-) ppm .Not observing any peaks at 5.6-6.6 ppm which belong to hydroxy ethyl 
acrylate’s double bonds, is another proof of the formation of the initiator precursor. 
The observed from FT-IR measurement, the appearances of a new peak with high 
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intensity at 3270 cm-1 (-CH2-OH and -N-CH2- stretching, broad), and the 
disappearance of =C-H bending peak at 800-980 cm-1 belongs to HEA and -N-H 
(dublet) stretching peak at 3274 cm-1 and  -N-H bending peak at 760 cm-1 that belong 









Figure 4.2 : 1H-NMR spectrum of five OH functional initiator precursor (5*-OH). 
 










































 3287 cm-1 -N-CH2-  








4.1.1.2 Characterization of  five functional ATRP initiator synthesized via  
Esterification Reaction 
5 functional ATRP initiator (5-Br*) was synthesized by Esterification Reaction of 
initiator precursor(5-OH*)(Figure 4.4).As shown in Figure 4.5 in 1H NMR spectrum 
(CDCl3) the practical integral ratios are almost compatible with the theoretical 
values. 1H NMR (CDCl3), δ: 4.29-3.65 (m, 10H, -C(O)-O-CH2-CH2-O-C(O)-
CH(CH3)-Br),  δ: 3.35-3.10 (t, 20H, -CH2-CH2-C(O)-O-CH2-CH2-O-C(O)-O-), 
δ:2.91-2.79 (t, 28H, -CH2-CH2-N-CH2-CH2-C(O)-O-CH2-), δ:2.50-2.22 (d, 15H -
C(O)-O-CH2–CH2C(O)CH(CH3)-Br) ppm.Moreover,The disappearance of -CH2-OH 
peak at at 3270 cm-1 which belongs to initiator precursor is another proof of that 
reaction was proceeded (Figure 4.6). 
 
Figure 4.4 : Synthesis of five Br functional initiator (5*-Br). 
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Figure 4.6 : FT-IR spectra of five Br functional initiator precursor (5*-Br) and 
(5*-OH) 
4.1.1.3 Characterization of eight OH functional precursor synthesized via 
Michael Addition Reaction 
8 hydroxyl functional initiator precursor (8-OH*) (Figure 4.7) was synthesized by 
Michael addition of amine to acrylate  in order to convert to ATRP initiator in the 
following step. As shown in Figure 4.8, 1H NMR (CDCl3), δ: 4.23-4.06 (t, 16H, -
CH2-CH2-C(O)-O-CH2-CH2-OH),  δ: 2.75 (t, 16H, -N-CH2-CH2-C(O)-O-CH2-CH2-
OH), δ: 3.73-3.65 (t, 16H, -CH2-CH2-C(O)-O-CH2-CH2-OH), δ:2.49 (t, 36H -CH2–
CH2-N–CH2-CH2-) ppm. The observed from FT-IR measurement, the appearances of 
a new peak with high intensity at 3381 cm-1 (-CH2-OH and -N-CH2- stretching, 
broad), and the disappearance of =C-H bending peak at 800-980 cm-1 belongs to 
HEA and -N-H (dublet) stretching peak at 3274 cm-1 and -N-H bending peak at 760 
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Figure 4.9 : FT-IR spectra of eight OH functional initiator precursor (8*-OH), 
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4.1.1.4 Characterization of  eight functional ATRP initiator synthesized via  
Esterification Reaction 
8 functional ATRP initiator (8-Br*) (Figure 4.10) was synthesized by Esterification 
Reaction of initiator precursor (8-OH*). As shown in Figure 4.11  in 1H NMR 
spectrum (CDCl3) the practical integral ratios are almost compatible with the 
theoretical values.1H NMR (CDCl3), δ: 3.70-3.66 ( 10H, -O-C(O)-CH(CH3)-Br), 
3.38 ( 20H, C(O)-O-CH2-CH2-O-C(O)), 3.16-2.82 ( 28H, -CH2-CH2-N-CH2-CH2-
C(O)-O), 2.50 ( 15H O-C(O)-CH-(CH3)-Br) ppm. 
 
Figure 4.10 : Eight  functional ATRP initiator . 
 
Figure 4.11 : 1H-NMR spectrum of eight Br functional initiator  (8*N-Br). 
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4.1.2 Characterization of multifunctional ATRP initiators synthesized via  
Esterification-Michael Addition Reaction 
4.1.2.1 Characterization of   inimer synthesized  via  Esterification Reaction 
Inimer was synthesized by Esterification Reaction of acidbromide to acrylate (Figure 
4.12) As shown in Figure 4.13, 1H NMR (CDCl3): δ:  6.40-6.33 (d, 1H); 6.12-6.01 
(dd, 1H); 5.83-5.78 (d, 1H); 4.46-4.20 (m, 5H); 1.77-1.74 (d, 3H) ppm. In FT-IR 
measurement, the disappearance of -CH2-OH- (broad) stretching peak at 3428 cm-1 
belong to HEA  confirmed as a proof that the reaction proceeded (Figure 4.14). 
 
Figure 4.12 : Synthesis of Vinyl AB* Monomer (inimer). 
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Figure 4.14 : FT-IR spectra of inimer and HEA. 
4.1.2.2 Characterization of  four functional ATRP initiator synthesized via  
Michael Addition Reaction 
4 functional initiator (4-Br*) was synthesized by Michael addition of amine to inimer 
(Figure 4.15). As shown in Figure 4.16, 1H NMR (CDCl3) δ: 4.35 (m,20H, -C(O)-O-
CH2-CH2-O-C(O)-CH-Br); δ:3.79-2.35; (m,20H, -CH2–CH2-N–CH2-CH2-), δ:1.82-
1.80 (d,12H, -C(O)-O-CH2-CH2-O-C(O)-CH-CH3) ppm.  
The observed from FT-IR measurement, the appearance of a new peak with high 
intensity at 2958 cm-1( -N-CH2- stretching, broad),  the disappearance of =C-H 
bending peak at 800-980 cm-1 belongs to Inimer  and -N-H (dublet) stretching  peak 
at 3354 cm-1 and -N-H bending peak at 809 cm-1 that belong to EDA confirmed that 




















































Figure 4.15 : Synthesis of 4,5,8  functional initiators (4*-Br),(5*-Br),(8*-Br). 
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Figure 4.17 : FT-IR spectra of (4*N-Br), İnimer and EDA. 
4.1.2.3 Characterization of  five functional ATRP initiator synthesized via  
Michael Addition Reaction 
5 functional initiator (5-Br*) (Figure 4.18) was synthesized by Michael addition of 
amine to inimer. As shown in Figure 4.19, 1H NMR (CDCl3) δ: 4.41-4.30 (m,25H, -
C(O)-O-CH2-CH2-O-C(O)-CH-Br); δ:3.84-2.33; (m,28H, -CH2–CH2-N–CH2-CH2-), 
δ:1.82-1.80 (d,15H, -C(O)-O-CH2-CH2-O-C(O)-CH-CH3) ppm. The observed from 
FT-IR measurement, the appearance of a new peak with high intensity at 2958 cm-1 ( 
-N-CH2- stretching, broad), the disappearance of =C-H bending peak at 800-980 cm-1 
belongs to Inimer  and -N-H (dublet) stretching  peak at 3278 cm-1 and -N-H bending 
peak at 823 cm-1 that belong to DETA confirmed that the reaction was 
proceeded(Figure 4.20). 
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Figure 4.20 : FT-IR spectra of (5*N-Br), inimer and DETA. 
4.1.2.4 Characterization of  eight functional ATRP initiator synthesized via  
Michael Addition Reaction 
8 functional initiator (8-Br*) was synthesized by Michael addition of amine to 
inimer. As shown in Figure 4.21, 1H NMR (CDCl3) δ: 4.48-4.32 (m,40H, -C(O)-O-
CH2-CH2-O-C(O)-CH-Br); δ:3.73-1.97; (m,42H, -CH2–CH2-N–CH2-CH2-), δ:1.91-
CH 2Cl2 CDCl3 
EDA
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1.81 (d,24H, -C(O)-O-CH2-CH2-O-C(O)-CH-CH3) ppm. The observed from FT-IR 
measurement, the appearance of a new peak with high intensity at 2966 cm-1 ( -N-
CH2- stretching, broad), and the disappearance of =C-H bending peak at 800-980 cm-
1 belongs to Inimer  and -N-H (dublet) stretching  peak at 3276 cm-1 and -N-H 
bending peak at 764 cm-1 that belong to PEHA confirmed that the reaction was 
proceeded (Figure 4.22). 
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4.1.3 Characterization of multifunctional ATRP initiators synthesized via 
Schotten-Bauman Reaction 
4.1.3.1 Characterization of  five functional ATRP initiator 
Schotten-Baumann synthesis of an amide was used as a method for making synthesis 
of five functional initiator (5-Br*) as shown in Figure 4.23. As shown in Figure 4.24, 
1H NMR spectrum (CDCl3) shows the presence of multiple peaks characteristic of an 
ester group (m, 5H, -C(O)-(CH3)-CH-Br, δ: 4.65-4.32 ppm) along with a doublet 
peak from the methyl protons in the ester groups (d, 15H, -C(O)-CH(Br)-CH3, δ: 
1.85-1.78 ppm) and multiple peaks characteristic of an amide group (m, 8H, -C(O)-
N-CH2-CH2-N-C(O)-, δ: 3.86-3.77—3.48-3.30 ppm) and  the practical integral ratios 
are compatible with the theoretical values.  
In FT-IR measurement, the appearances of new peaks at 1634 cm-1 (-N-C=O, 
strong), 1062-1182 cm-1 (-CO-N), 558 cm-1 (-C-Br) and the disappearance of N-H 
bending peak at 823 cm-1 belong to DETA and converting of doublet N-H streching 
peak at 3274 cm-1 to broad N-CH2- streching peak at 3287 cm-1 confirmed that as an 
another proof that the reaction proceeded (Figure 4.25). 
 
Figure 4.23 : Schotten-Baumann synthesis (amidation reaction) of five and eight 
functional ATRP initiators (5*-Br), (8*-Br). 
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Figure 4.24 : 1H-NMR spectrum of five functional ATRP initiator (5*-Br). 
 
Figure 4.25 : FT-IR spectra of five functional ATRP initiator (5*-Br) and DETA. 
 

































Schotten-Baumann synthesis of an amide was used as a method for making synthesis 
of eight functional initiator (8-Br*). As shown in Figure 4.26, 1H NMR spectrum 
(CDCl3) shows the presence of  peak characteristic of an ester group (m, 8H, -C(O)-
(CH3)-CH-Br, δ: 4.46-4.35 ppm) along with a doublet peak from the methyl protons 
in the ester groups (d, 24H, -C(O)-CH(Br)-CH3, δ: 1.82-1.80 ppm) and multiple 
peaks characteristic of an amide group (m, 20H, -C(O)-N-CH2-CH2-N-C(O)-, δ: 
3.76-3.47 ppm) and the practical integral ratios are compatible with the theoretical 
values. 
In FT-IR measurement, the appearances of new peaks at 1634 cm-1 (-N-C=O, 
strong), 1062-1182 cm-1 (-CO-N), 558 cm-1 (-C-Br) and the disappearance of N-H 
bending peak at 760 cm-1 belong to PEHA  and converting of doublet N-H streching 
peak at 3274 cm-1 to broad N-CH2- streching peak at 3287 cm-1 confirmed that as an 
another proof that the reaction proceeded (Figure 4.27). 
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Figure 4.27 : FT-IR spectra of eight functional ATRP initiator (8*-Br) and PEHA. 
4.2 Characterization of star polymers 
4.2.1 Characterization of star polymers obtained from multifunctional initiators 
synthesized via Michael Addition-Esterification Reaction 
4.2.1.1 Characterization of  five-arm star polymer 
Five functional initiator (5-Br*) synthesized via Michael Addition-Esterification 
reaction was employed as a macroinitiator for the ATRP of polystyrene.The kinetics 
of S polymerization was investigated as well using 5-Br* as an initiator. The increase 
in molecular weight during the polymerization reaction was a proof of that novel five 
functional initiator could be polymerized via ATRP. 
 
Figure 4.28 : Schmatic representation of the polymerization using five  functional 
ATRP initiator via ATRP. 











































                
 




Figure 4.30 : Overlayed GPC chromatogram five-arm star-PS 
[Styrene]0:[Br*]:[CuBr]0:[Bpyridine]o=2000:1:5:5. 




Mn 79800 125500 
PDI 1.53 1.76 
4.2.1.2 Characterization of eight-arm star polymer 
Eight functional initiator (8-Br*) synthesized via Michael Addition-Esterification 
reaction was employed as a macroinitiator for the ATRP of polystyrene.The kinetics 
of S polymerization was investigated as well using 8-Br* as a initiator. The living 
character of the polymerization was also proven for that monomer by a linear 
relationship between ln([M]o/[M]) and reaction time (Figure 4.32a), and also by the 
linear increase of the molecular weight with monomer conversion and the low 
polydispersities (Figure 4.32b).  
 
Figure 4.31 : Schmatic representation of the polymerization using eight functional 




Figure 4.32 : a) Kinetics plot and b) effect of conversion during the ATRP of S on 
the molecular weight using eight- functional initiator. 
 
Figure 4.33 : Overlayed GPC chromatogram of eight-arm star-PS [Styrene]o: 
[8-Br*]o:[CuBr]o:[HPTETA]o = 2000:1:8:8. 
Table 4.2 : Increase of  molecular weights depending on time. 
Time 
(minute) 
75 135 195 220 315 405 
Mn 15430 22990 24700 27980 29860 31570 
PDI 1.66 1.61 1.73 1.78 1.76 1.73 
4.2.2 Characterization of star polymers using multifunctional initiator 
synthesized via Esterification-Michael Addition Reaction 
4.2.2.1 Characterization of  four–arm star polymer 
Four functional initiator (4-Br*) synthesized via Esterification-Michael Addition 
reaction was employed as a macroinitiator for the ATRP of polystyrene.The kinetics 
of S polymerization was investigated as well using 4-Br* as a initiator. The living 








relationship between ln([M]o/[M]) and reaction time (Figure 4.35a), and also by the 
linear increase of the molecular weight with monomer conversion and the low 
polydispersities (Figure 4.35b).  
 
Figure 4.34 : Schmatic representation of the polymerization using four functional 
ATRP initiator via ATRP. 
 
 
Figure 4.35 : a) Kinetics plot and b) effect of conversion during the ATRP of S on 
the molecular weight using four- functional initiator. 
 









Table 4.3 : Increase of  molecular weights depending on time. 
Time (minute) 135 195 315 375 
Mn 29810 34900 43940 51190 
PDI 2.02 2.18 1.93 5.90 
4.2.2.2 Characterization of  five-arm star polymer 
Five functional initiator (5-Br*) synthesized via Esterification-Michael Addition 
reaction was employed as a macroinitiator for the ATRP of polystyrene.The kinetics 
of S polymerization was investigated as well using 5-Br* as a initiator. The living 
character of the polymerization was also proven for that monomer by a linear 
relationship between ln([M]o/[M]) and reaction time (Figure 4.43a), and also by the 
linear increase of the molecular weight with monomer conversion and the low 
polydispersities (Figure 4.43b).  
 
Figure 4.37 : Schmatic representation of the polymerization using five functional 
ATRP initiator via ATRP. 
 
 
Figure 4.38 : a) Kinetics plot of ATRP of S using five functional initiator b) Effect    
 of conversion during ATRP of S on the molecular weight using five 





Figure 4.39 : Overlayed GPC chromatogram of five-arm star-PS [Styrene]o: [5-
Br*]o:[CuBr]o:[HPTETA]o = 2000:1:5:5. 






4.2.2.3 Characterization of  eight functional star polymer 
Eight functional initiator (8-Br*) synthesized via Michael Addition-Esterification 
reaction was employed as a macroinitiator for the ATRP of polystyrene.The kinetics 
of S polymerization was investigated as well using 8-Br* as a initiator. The living 
character of the polymerization was also proven for that monomer by a linear 
relationship between ln([M]o/[M]) and reaction time (Figure 4.41a), and also by the 
linear increase of the molecular weight with monomer conversion and the low 
polydispersities (Figure 4.41b).  
 
Figure 4.40 : Schmatic representation of the polymerization using eight functional 
ATRP initiator via ATRP. 
Time 
(minute) 
120 240 300 360 
Mn 14640 20000 24000 26400 







Figure 4.41 : a) Kinetics plot of the ATRP of  S using  eight-functional initiator b) 
Effect of conversion during the ATRP of S on the molecular weight 
using  eight- functional initiator. 
 
Figure 4.42 : Overlayed GPC chromatogram of eight-arm star-PS [Styrene]o: [8-
Br*]o:[CuBr]o:[HPTETA]o = 2000:1:8:8. 
Table 4.5 : Increase of  molecular weights depending on time. 
Time 
(minute) 
240 300 420 
Mn 50970 55230 64760 
PDI 1.59 1.51 1.52 
4.2.3 Characterization of star polymers obtained from multifunctional initiators 
synthesized via Schotten-Baumann 
4.2.3.1 Characterization of  five-arm star polymer 
Penta (5-Br*) functional initiator synthesized via Schotten-Baumann reaction was 
employed as a macroinitiator for the ATRP of polystyrene (Table 4.6). In order to 
prove the controlled character of the polymerization of S using 5-Br* as initiator with 
HPTETA as ligand, the relationship between time-conversion and molecular weight-
conversion were studied. In principle, the  characteristics of a controlled process are 









conversion and a low polydispersity. As shown in Figure (4.44a) for pentafunctional 
polystyrene, a linear relationship is seen between ln([M]0/[M]) and reaction time, 
obeying first order kinetics, and indicating that the number of propagating species 
remained constant. Furthermore, one can observe from Figure (4.44b) that the 
molecular weight increases rather linearly with conversion, and the polydispersity 
decreases from 1.54 to 1.48 over the same period. The increasement of molecular 
weight can be seen in GPC traces, Figure (4.45). 
 
Figure 4.43 : Schmatic representation of the polymerization using five functional 
ATRP initiator via ATRP. 
 
 
Figure 4.44 : a) First-order plot nd, b) molecular weights versus conversions (by  
GPC) of penta-arm star-PS at 110 oC [Styrene]o: [5-
Br*]o:[CuBr]o:[HPTETA]o = 2000:1:5:5. 
 
Figure 4.45 : Overlayed GPC chromatogram of penta-arm star-PS  [Styrene]o: [5-







Table 4.6 : Characteristics of the (PS-X)5* star polymers. 
Polymer Time   (hour) 
 Conversion    
      (%) Mn, GPC Mw/Mn 
P68 0.50 6.0 10866 1.57 
P69 b 0.83 22.0 11469 1.46 
P70 2.00 20.0 17514 1.45 
P71 2.00 11.0 18000 1.69 
P72 1.00 12.0 19486 1.36 
P73 0.75 18.0 20661 2.03 
P74 0.67 14.0 21151 1.61 
P75 2.00 10.0 21315 1.4 
P76 0.83 17.0 21411 1.44 
P77 1.00 31.0 25306 1.48 
P78 3.00 10.0 28000 1.56 
P79 2.20 15.0 28576 1.47 
P80 3.00 19.0 30486 1.69 
P81 3.50 24.0 38290 1.46 
P82 b 2.00 13 40158 1.28 
P83 3.00 10.0 40631 1.46 
P84 2.00 7.7 40872 1.37 
P85 4.00 20.0 42700 1.53 
P86 1.83 26.0 43717 1.31 
P87 3.00 9.0 44054 1.36 
P88 c 19.75 48.0 52352 1.48 
P89 4.00 20.0 56260 1.47 
P90 c 24.58 - 56391 1.69 
P91 6.17 28.0 62692 1.32 
P92 c 6.00 28.0 63131 1.44 
P93 24.33 21.0 83377 1.8 
P94 c 24.75 68.0 91000 1.48 
a T= 110 oC, [M]o= 2.91 mol L-1, [M]o:[5-Br*]o:[CuBr]o:[HPTETA]o= 2000:1:5:5  
b [M]o= 4.36 mol L-1  
c
 Kinetic Reaction 
4.2.3.2 Characterization of  eight functional star polymer 
Eight functional initiator (8-Br*) synthesized via Schotten-Baumann reaction was 
employed as a macroinitiator for the ATRP of polystyrene (Table 4.8). The kinetics 
of S polymerization was investigated as well using 8-Br* as an initiator. The living 
character of the polymerization was also proven for that monomer by a linear 
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relationship between ln([M]o/[M]) and reaction time (Figure 4.47a), and also by the 
linear increase of the molecular weight with monomer conversion and the low 
polydispersities (Figure 4.47b). However, the molecular weights measured by GPC 
versus  Conversion% are slightly lower than the theoretical values for polymerization 
of 8 functional polystyrene. It seems possible that a small amount of transfer reaction 
takes place, which could be considered as breaking the kinetic chain. 
 
Figure 4.46 : Schmatic representation of the polymerization using eight functional 
ATRP initiator via ATRP. 
 
Figure 4.47 : a) Kinetics plot and, b) effect of conversion during the ATRP of S on 
the molecular weight using  octa- functional initiator. 
 
Figure 4.48 : Overlayed GPC chromatogram of eight-arm star-PS [Styrene]o: [8-









Table 4.7 : Increase of  molecular weights depending on time. 
Time 
(minute) 
120 300 360 510 560 4250 
Mn 31648 45089 58696 64265 67322 94938 
PDI 1.90 1.82 1.91 1.75 1.85 1.73 
Table 4.8 : Characteristics of the (PS-X)8* star polymers. 
Polymer Time (hour)  Conversion (%)  Mn, GPC  Mw/Mn  
P96   2.00  16  40764  1.68  
P97   1.33  11  26314  1.78  
P98   1.00  10  27401  1.96  
P99   28.67  33  58989  2.02  
T= 110 oC, [M]o= 2.9 mol L-1, [M]o:[8-Br*]o:[CuBr]o:[HPTETA]o= 2000:1:8:8 
4.3 Characterization  of  star-block copolymers  
4.3.1 Characterization of five functional star block copolymer obtained from  
five functional initiator synthesized via Schotten-Baumann Reaction 
4.3.1.1 Characterization of  five functional star block copolymer 
ATRP has been applied to prepare penta- functional star-block copolymers as in 
Figure (4.49). The experimental conditions and results are shown in Table 4.10 for 
penta-functional star-block copolymers. Alkylated linear amine ligand (HPTETA) 
was used to make the polymerization faster in controlled manner.During the reaction; 
Some specimen were obtained from the reaction media in order to observe the 
copolymerization by GPC measurement. The increase in the molecular weight of the 
polymer during the first two hour of the copolymerization became constant after two 
hours.The molecular weight composition of the copolymer were obtained from 1H-
NMR (Figure 4.52). The trend observed in  the increase of the molecular weight of 
the polymer  means that controlled radical polymerization is obtained by the 
multifunctional macroinitiator synthesised via ATRP (PS0.68-b-PEHA0.32)5*. 
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Figure 4.49 : Block copolymerization using five-arm polystyrene macroinitiator  
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Figure 4.50 : Schmatic representation of the five-arm star-block copolymer. 
 
 
Figure 4.51 : Overlayed GPC chromatogram of five-arm star-block (PS-PEHA)5* 
[EHA]o: [PS-Br5*]o:[CuBr]o:[HPTETA]o = 1000:1:10:10. 
Table 4.9 : Increase of  molecular weights depending on time. 
Time 
(minute) 
0 75 190 350 530 4250 
Mn 40530 55820 58040 58300 60390 62390 









Figure 4.52 : 1H-NMR spectrum of five-arm star-block copolymer (PS-PEHA)5*. 










 Mw/Mn b Mw,LS c 
Comp.d 
(PEHA,%) 
B94 0.17 1000 P70 18000 1.67 8 28970 1.3 - 17 
B95 0.45 1000 P77 42700 6.33 25 65550 1.25 - 23 
B96 0.51 1000 P69 17510 1.00 11 25680 1.32 - 31 
B97e 0.44 1193 P75 40160 3.00 19 52320 1.31 - 31 
B98 0.42 1200 P77 42700 39.5 - 67250 1.22 - 31 
B99 0.55 1055 P72 28000 8.00 - 41550 1.29 - 35 
B100 0.45 1000 P76 40630 71.00 - 56000 1.27 - 35 
B101 0.73 1000 P71 19490 2.00 14 31310 1.25 - 38 
B102 0.75 1193 P73 30490 2.00 28 62000 1.27 - 38 
B103 0.79 1200 P71 19490 3.00 24 40820 1.23 - 40 
B104 0.55 1193 P72 28000 18.5 - 50570 1.26 40580 48 
B10e 0.89 1193 P70 18000 6.00 27 36800 1.28 - 60 
a
 T: 110 oC, [PS-Br5*]o:[CuBr]o:[HPTETA]o= 1:10:10  
b
 Calculated from GPC calibrated with linear poly(methyl methacrylate) standards     
c
 Absolute molecular weights were calculated with multi angle light scattering in THF and the dn/dc 
value of blok copolymer= [XPS*0.185 mL/g (dn/dc for PS)+XPEHA*0.058 mL/g (dn/dc for PEHA)]. 
d
 Compositions were calculated by 1H NMR analysis 
e [PS-Br5*]o:[CuBr]o:[HPTETA]o= 1:5:5 
4.3.1.2 Characterization of eight–arm star block copolymer 
ATRP has been applied to prepare eight-functional star-block copolymers as in 
Figure (4.53). The experimental conditions and results are shown in Table 4.12 for 
eight-functional star-block copolymers. Alkylated linear amine ligand (HPTETA) 












was used to make the polymerization faster in controlled manner.During the reaction; 
Some specimen were obtained from the reaction media in order to observe the 
copolymerization by GPC measurement. The increase in the molecular weight of the 
polymer during the first two hour of the copolymerization became constant after two 
hours.The molecular weight composition of the copolymer were obtained from 1H-
NMR (Figure 4.55). The trend observed in  the increase of the molecular weight of 
the polymer  means that controlled radical polymerization is obtained by the 
multifunctional macroinitiator synthesised via ATRP (PS0.23-b-PEHA0.77)8*. 
 
Figure 4.53 : Schmatic representation of the eight-arm star-block copolymer. 
 
Figure 4.54 : Overlayed GPC chromatogram of eight-arm star-block (PS-PEHA)8* 
[EHA]o: [PS-Br8*]o:[CuBr]o:[HPTETA]o = 1000:1:10:10. 
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Figure 4.55 : 1H-NMR spectrum of eight armed star block copolymer (PS-PEHA)8*. 
Table 4.12 : Reaction conditions of eight armed star block copolymers 
(PS-PEHA)8*. 





Mn, GPC  Mw/Mn  
Composition 
(PEHA,%)  
B105 P97 26314  2  22  41220  1.36  77  

















5.  CONCLUSION 
Novel approaches for synthesis of multifunctional ATRP initiators were improved by 
using three methods .The synthesis of multifunctional initiators using multidentated  
amines via Schotten-Boumann and Michael Addition Reactions and  polymerizations 
of these new type multifunctional ATRP initiators were sucessfully accomplished via 
ATRP.The preparation of star polymers and star-block copolymers via ATRP was 
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